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will be in the committee of my defence. I am also grateful to Dr. Andrea Secchi,
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you as well.
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Chapter1
Introduction
The research activity reported in this thesis consists of the investigation of the photo
induced ultrafast dynamics of magnetic excitations in solid state compounds. The
light-matter interaction on the femtosecond time scale and the subsequent relaxation
dynamics defy our understanding of condensed matter physics. The conventional
description of a crystal relies on the thermodynamical approach, which is based on
the concept of equilibrium. This condition is necessary in order to identify the state
of the medium in terms of specific values of some quantities (temperature, magneti-
sation, volume, etc.) resulting in a certain expression of the energy. However, the
foundations of this framework collapse when the system is impulsively brought to
a nonequiblirium state. Tracking experimentally the dynamics of the photo-excited
quasiparticles provides a direct insight into an unexplored regime, which reveals fun-
damentally different phenomena than in the ground state, as it is shown for instance
in chapter 6. Therefore our research work was fuelled by a burning quest for fun-
damental knowledge aimed at opening up new horizons. However, the possibility to
access and manipulate the magnetic order of condensed matter with an ultrashort (i.e.
≈ 100 fs) stimulus carries a dramatic potential for the magnetic recording technology
as well.
Considering both the fundamental and applied perspectives of our work, the choice
of the sample is of pivotal relevance. We investigated dielectric antiferromagnets,
belonging to the class of triflourides (KNiF3 and KCoF3) with a cubic perovskite
structure. This choice is motived by the following reasons:
• antiferromagnets represent the overwhelming majority of the magnetically or-
dered materials,
• the spin dynamics in antiferromagnets is intrinsically faster than in ferromag-
nets,
• in the optical range (1.5 - 3 eV) the light-matter interaction involving dielectrics
takes place in a non-dissipative regime.
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2 Introduction
The last point is crucial: it involves the possibility to efficiently control spins (given
the low optical absorption) and it provides a proper scenario for the understanding of
the result of the experimental investigations. In fact the dielectric nature of the media
avoids the excitation of free electrons, which in metals triggers a series of interactions
involving the lattice and the spins. Such a complicated framework makes it highly
challenging to unravel the pathways of the coupling between light and spins.
In the following we characterise the magnetic excitations in an antiferromagnet,
deriving the dispersion relation. Then we briefly report the possibility to access
the spin quasiparticles with light, relying on the Raman effect. Finally, a recent
breakthrough concerning the optical excitation of magnons with ultrashort laser pulses
(the so-called opto-magnetism) is reviewed in essence.
1.1 Magnons in antiferromagnets
An antiferromagnet is a magnetically ordered material with vanishing net magneti-
sation. Such a system can be described in terms of two sublattices, whose spins are
aligned along the same direction in an antiparallel way by the exchange interaction.
In this section we derive the dispersion of the magnetic excitations in an antiferromag-
net with easy-axis anisotropy (i.e. spins tend to align along a preferential direction in
space). The general result is then applied to the case of a cubic system, in particular
the dispersion of KNiF3 is calculated and plotted.
Relying on the Heisenberg model, we can formulate the following Hamiltonian for
an easy-axis antiferromagnet
Hˆ = J
∑
i∈B
∑
j∈A
Sˆi · Sˆj + gµBHA
∑
i
Sˆzi −
∑
j
Sˆzj
 (1.1)
where J is the nearest neighbour exchange interaction (J > 0 for antiferromagnets), A
and B are the two sublattices and Sˆi,j is the spin operator corresponding to the local
moments belonging to A and B. The anisotropy is expressed by an effective field HA
(multiplied by the gyromagnetic ratio g, normalized on ~, and the Bohr’s magneton
µB) which aligns the spins of the two sublattices along the z direction. Note that
in order to preserve the antiferromagnetic coupling, the effective field experienced by
the two sublattices has to be oriented along opposite directions. This is taken into
account by the minus sign in the last bracket of Eq. (1.1). The Hamiltonian can be
re-written in terms of the operators Sˆ±i,j = Sˆ
x
i,j ± iSˆyi,j in the following way
Hˆ = J
∑
i,j
(
Sˆ+i · Sˆ−j + Sˆ−i · Sˆ+j
2
+ Sˆzi Sˆ
z
j
)
+ gµBHA
∑
i
Sˆzi −
∑
j
Sˆzj
 (1.2)
We express now the spin in terms of boson operators, given the more handy commu-
tation relations. One of the possible approaches is the Holstein-Primakoff transfor-
mation, which gives for one sublattice
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
Sˆ+i =
√
(2S − bˆ†i bˆi) bˆi
Sˆ−i = bˆ
†
i
√
(2S − bˆ†i bˆi)
Sˆzi = S − bˆ†i bˆi
(1.3)
equivalently for the other sublattice

Sˆ+j = aˆ
†
j
√
(2S − aˆ†j aˆj)
Sˆ−j =
√
(2S − aˆ†j aˆj) aˆi
Sˆzj = −S + aˆ†j aˆj
(1.4)
where S is the eigenvalue of the Sˆzi operator. Note that the operators aˆj and bˆi
(and their Hermitian) represent spin deviations, so that if 〈bˆ†i bˆi〉 = 〈aˆ†j aˆj〉 = 0 the
magnetic moments of the two sublattices exhibits their maximum values (S for B and
−S for A). Replacing the operators in the Hamiltonian with the Holstein-Primakoff
transformation and rearranging the terms we obtain
Hˆ = J
∑
i,j
(S − bˆ†i bˆi)(−S + aˆ†j aˆj) + S
√
1− bˆ
†
i bˆi
2S
bˆi
√
1− aˆ
†
j aˆj
2S
aˆj+
+ Sbˆ†i
√
1− bˆ
†
i bˆi
2S
aˆ†j
√
1− aˆ
†
j aˆj
2S
+ gµBHA
∑
i
(S − bˆ†i bˆi)−
∑
j
(−S + aˆ†j aˆj)
 .
(1.5)
We apply now the approximation of small numbers of spin deviations, i.e.
〈bˆ†i bˆi〉  2S. Consequently the second term in the square roots is a small quantity,
allowing for the following Taylor expansions
bˆ†i bˆi
2S
 1 =⇒
√
1− bˆ
†
i bˆi
2S
≈ 1− 1
2
bˆ†i bˆi
2S
aˆ†j aˆj
2S
 1 =⇒
√
1− aˆ
†
j aˆj
2S
≈ 1− 1
2
aˆ†j aˆj
2S
.
(1.6)
Employing this approximation and discarding terms with more than two bosonic
operators (i.e. harmonic approximation) we obtain
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Hˆ ≈ −JS2zN
2
+ JS
∑
i,j
(aˆ†j aˆj + bˆ
†
i bˆi + bˆiaˆj + bˆ
†
i aˆ
†
j) + SgµBHA
N
2
+
+ gµBHA
[∑
i
−bˆ†i bˆi −
∑
i
aˆ†i aˆi
]
.
(1.7)
where N is the total number of spins in the system. It follows that the sums on a single
sublattice consider N/2 contributions which explains the presence of this numerical
factor appearing in the constant terms in Eq. (1.7). The factor z is the number of
nearest neighbours, which of course depends on the crystal structure of the specific
antiferromagnet considered.
It is convenient to deal with the Hamiltonian in the reciprocal space, therefore we
apply the Fourier transforms to the bosonic operators
aˆj =
1√
N/2
∑
q
eiq·Rj aˆq
bˆi =
1√
N/2
∑
q′
eiq
′·Ri bˆq′
(1.8)
We can now plug the definitions in Eq. (1.7) and drop the terms which do not contain
any operators, since they are mere additive constants to the total energy. Thus we
get
Hˆ ≈ JS
∑
i
∑
δ
∑
q,q′
2
N
(
e−iq·(Ri+δ)eiq
′·(Ri+δ)aˆ†qaˆq′ + e
−iq·Rieiq
′·Ri bˆ†qbˆq′+
+ eiq·Rieiq
′·(Ri+δ)bˆqaˆq′ + e−iq·Rie−iq
′·(Ri+δ)bˆ†qaˆ
†
q′
)
+
− gµBHA
∑
i
∑
q,q′
2
N
(
e−iq·Rieiq
′·Ri bˆ†qbˆq′ + e
−iq·Rieiq
′·Ri aˆ†qaˆq′
) (1.9)
where δ is the vector representing the distance between an atom and its nearest
neighbour. Therefore, given a moment located at Ri belonging to the sublattice B,
the space coordinate of its nearest neighbour (on the sublattice A) can be expresses
as Ri + δ. For this reason, terms depending on the j index do not appear in the
previous equations. Let us remind a useful relation, involving Kronecker’s delta∑
i
ei(q−q
′)·Ri =
N
2
δq,q′ (1.10)
which can be used to simplify the Hamiltonian in the following way,
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Hˆ ≈ JS
∑
q,q′
(
zδq,q′ aˆ
†
qaˆq′ + zδq,q′ bˆ
†
qbˆq′ +
∑
δ
eiq
′·δδq,−q′ bˆqaˆq′ +
∑
δ
e−iq
′·δδq,−q′ bˆ†qaˆ
†
q′
)
+
+ gµBHA
∑
q,q′
(
bˆ†qbˆq′ + aˆ
†
qaˆq′
)
δq,q′ .
(1.11)
We introduce the following quantity
γq ≡ 1
z
∑
δ
eiq·δ, (1.12)
which is a geometrical factor uniquely determined by the symmetries of the crystal.
Thus we can express the Hamiltonian in terms of this parameter,
Hˆ ≈ JSz
∑
q
(
aˆ†qaˆq + bˆ
†
qbˆq + γ
∗
qbˆqaˆ−q + γqbˆ
†
qaˆ
†
−q
)
+ gµBHA
∑
q
(
bˆ†qbˆq + aˆ
†
qaˆq
)
(1.13)
In the following we will make use of the property γq = γ
∗
q, which holds for a cubic
system. Let us now move on to the diagonalisation of the Hamiltonian. This requires
to rewrite the boson operators as a linear combination of other operators which diago-
nalises the Hamiltonian. We invoke the Bogoliubov transformation, which is expressed
as
aˆq = uqαˆq + vqβˆ
†
−q
bˆq = uqβˆq + vqαˆ
†
−q
(1.14)
Requiring that the boson commutation relations hold, the following properties are
obtained
u2q − v2q = 1
uqv−q = u−qvq
(1.15)
From the first identity in Eq. (1.15), it follows that we can set
uq = cosh (θq); vq = sinh (θq); (1.16)
the second among Eq. (1.15) is satisfied if we assume that
u−q = uq; v−q = vq, (1.17)
as we will do in the following. We also have to take into account the bosonic commu-
tation relations, namely
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βˆqβˆ
†
q = βˆ
†
qβˆq + 1. (1.18)
Replacing the Bogoliubov’s transform into the expression of the Hamiltonian and
calculating the products we obtain
Hˆ ≈ JSz
∑
q
{
αˆ†qαˆq(u
2
q + v
2
−q + 2γ−qv−quq) + αˆ
†
qβˆ
†
−q(uqvq + u−qv−q + γ−qv−qvq+
+ γ−qu−quq) + βˆ−qαˆq(uqvq + u−qv−q + γ−qu−quq + γ−qv−qvq) + βˆ†qβˆq(u
2
q + v
2
−q+
+ 2γqv−quq) + 2v2−q + γqv−quq + γ−qv−quq
}− gµBHA∑
q
{
u2q + v
2
q+
+ βˆ†qβˆq(u
2
q + v
2
q) + αˆ
†
qαˆq(u
2
q + v
2
q) + βˆ
†
qαˆ
†
−quqvq + αˆ
†
qβˆ
†
−quqvq + αˆ−qβˆquqvq+
+ βˆ−qαˆquqvq
}
(1.19)
Note that the αˆ and βˆ operators commute, since they operate on different sublattices
and, therefore, on different Fock subspaces. We can regroup the terms which multiply
the operators, using the properties of the coefficients u and v we obtain
Hˆ ≈
∑
q
{
αˆ†qαˆq[(u
2
q + v
2
q + 2γqvquq)JSz + (u
2
q + v
2
q)gµBHA] + βˆ
†
qβˆq[(u
2
q + v
2
q+
+ 2γqvquq)JSz + (u
2
q + v
2
q)gµBHA] + αˆ
†
qβˆ
†
−q[(2uqvq + γq(u
2
q + v
2
q))JSz+
+2vquqgµBHA] + βˆ−qαˆq[(2uqvq + γq(u2q + v
2
q))JSz + 2vquqgµBHA]
}
.
(1.20)
In order to diagonalise the Hamiltonian we set the coefficient of the non-diagonal
terms equal to zero. From this condition we obtain straightforwardly
[(2uqvq + γq(u
2
q + v
2
q))JSz + 2vquqgµBHA] = 0 (1.21)
from which it follows that
JSzγq
gµBHA + JSz
= − 2uq2vq
u2q + v
2
q
= − 2 cosh θq sinh θq
cosh θ2q + sinh θ
2
q
= − sinh 2θq
cosh 2θq
= − tanh 2θq.
(1.22)
Given the properties of the hyperbolic functions, the following relation holds: cosh 2θq
−1 =√
1− tanh (2θq)2. We can now write the Hamiltonian in its diagonal form
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Hˆ =
∑
q
ωq(α
†
qαˆq + β
†
qβˆq) (1.23)
where the frequency ωq can be expressed by using the identities reported in Eq. (1.22).
ωq = (u
2
q + v
2
q)
(
JSz + gµBHA − γ2q
(JSz)2
gµBHA + JSz
)
(1.24)
Let us now define two parameters: ωE ≡ JSz, ωA ≡ gµBHA. Making use of the
fact that u2q + v
2
q = cosh 2θq, we can write down the final expression of the magnon
frequency as
ωq =
√
(ωE + ωA)2 − (ωEγq)2 (1.25)
This expression of the dispersion relation is derived for a general antiferromagnet. In
the specific case of a cubic system each atom has 6 nearest neighbours at the distances
(±a,0,0), (0,±a,0) and (0,0,±a). Thus the parameter γq is given by
γq ≡ 1
z
∑
δ
eiq·δ =
1
6
[eiqxa + e−iqxa + eiqya + e−iqya + eiqza + e−iqza] =
=
1
3
[cos qxa+ cos qya+ cos qza]
(1.26)
The center of the Brilluoin zone of a cubic antiferromagnet is the Γ point (0,0,0),
while the edge corresponds to the R point (pi2 ,
pi
2 ,
pi
2 ) [2].
If the effective exchange and anisotropy fields of a given material are known, it
is possible to calculate the dispersion relation by means of Eq. (1.25) employing
the proper γq parameter. In Fig. 1.1 we plot the dispersion of magnons in KNiF3
evaluated along the ΓR direction. The effective fields and the g factor values employed
were taken from reference [1]. The frequencies obtained at the center and at the edges
of the Brillouin zone are in agreement with the experimental observations reported in
chapter 4, 5 and 6.
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Figure 1.1: Dispersion of magnons in KNiF3. As expected for an antiferromagnet, the
dispersion is approximately linear in the low wave vector region, while it tends to flatten at the zone
edges. The frequency at the Γ point is ≈ 88 GHz, which is consistent with the 90 GHz oscillations
reported in chapter 3. At the R point the frequency of the magnons is ≈ 12 THz, which is once
again in agreement with the data presented in chapter 5 and 6.
1.2 Light scattering on magnons
The magnetic excitations described in the previous section can be detected with sev-
eral techniques. One of the most powerful approaches relies on the scattering of
electromagnetic radiation in the optical range via the Raman effect, which mostly
deals with magnons at the center of the Brillouin zone given the negligible wave vec-
tor of light [2, 4]. 1The effective Hamiltonian representing the interaction between
light and the magnetic system can be written as [2]
Hˆ =
∑
r
∑
i,j
i,j(r, Sˆ)E
I
i E
S
j (1.27)
where i,j(r) is the dielectric tensor which depends on the position (r) and on the spin
(Sˆ), while i, j are cartesian indexes. The two quantities EI and ES are the electric
fields of the incident and scattered beam, respectively. In a magnetic medium the
tensor i,j is spin-dependent and can be therefore expanded in powers of the spin
operators. Following the approach reported in [2, 5] we may express i,j(r) at the site
r as
i,j(r) = i,j(r)
0 +
∑
k
Kijk(r)Sˆ
k
r +
∑
kl
Gijkl(r)Sˆ
k
r Sˆ
l
r +
∑
δ
∑
kl
Hijkl(r)Sˆ
k
r Sˆ
l
r+δ (1.28)
1This section follows partly the arguments reported in [2, 3].
1.2 Light scattering on magnons 9
where higher order terms are omitted. The i,j(r)
0 term is the component of the
dielectric tensor independent of the spin. In a light scattering experiment this term
is responsible for the elastic contribution (i.e. Rayleigh scattering). Since we are
interested in the Raman process concerning spin excitations we neglect it in the
following discussion. The second and third terms involve spin operators at a single
ionic site r and the tensors Kijk and Gijkl, describing the light-matter interaction.
The last term represents a contribution originating from two spin operators at different
sites. The vector δ has the same meaning as in section 1.1, being the distance between
two nearest neighbours atoms.
In the absence of any dissipation (i.e. non-dissipative approximation) the real
and imaginary parts of the dielectric tensor are symmetrical and antisymmetrical
respectively upon the exchange of the indices, as a consequence of the hermitian
nature of the i,j tensor [6, 7]. Relying only on the conservation of energy under the
time-reversal transformation, it follows [6] that the real terms are even functions of
the spin operators, while the imaginary terms are odd functions of these operators.
Choosing the proper basis, the real components are on the main diagonal of the tensor,
while the imaginary ones are off-diagonal. In this case, the term containing Kijk in
Eq. (1.28) is off-diagonal, while the others are on the main diagonal.
In our discussion we analyse first the terms containing the Kijk and Gijkl tensors.
1.2.1 One-magnon scattering
The energy of magnons is a function of the wave vector, as shown in Fig. 1.1. How-
ever, given the low wave vector of light in the optical range and the fundamental
requirement of the conservation of the wave vector, only excitations at the center of
the Brillouin zone can in principle be accessed. In particular, we focus in this section
on the lowest energy magnetic excited state, which corresponds to the generation (or
annihilation) of a magnon. Therefore the corresponding mode is called one-magnon
mode.
Let us consider the term in Eq. (1.28) containing the Kijk tensor, under the
hypothesis that it is independent on the site label. Note that while this is rigorously
true for a ferromagnet, it is an assumption for an antiferromagnet. In principle the
values of Kijk could differ at sites belonging to the two different sublattices. The
dielectric tensor must be invariant under the symmetry operations of the crystal.
Therefore, for a cubic system the non-zero components of Kijk are [2, 8]
Kxyz = Kyzx = Kzxy = −Kxzy = −Kyxz = −Kzyx ≡ K0. (1.29)
Consequently the corresponding contribution to the Hamiltonian is (denoting K =
iK0)
Hˆ1Ma = 1
2
K
∑
r
[(EzIE
+
S −E+I EzS)Sˆ−r −(EzIE−S −E−I EzS)Sˆ+r ]−iK
∑
r
(ExIE
y
S−EyIExS)Sˆzr
(1.30)
where the following definitions have been used
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Sz = - S
Sz = S
Sz = S - 1
L = 0
J = S - 1
L = 1J
 = S
J = S + 1
hν
m
Figure 1.2: One-magnon scattering mechanism. The Elliot-Loudon mechanism is here shown
with an example. Note that all the arrows correspond to allowed electric dipole transitions. The
combination of two of them may result in the generation of a magnon with energy hνm.
Sˆ±r = Sˆ
x
r ± iSˆyr E±I,S = ExI,S ± iEyI,S . (1.31)
Let us now remind that a magnon can be interpreted as a deviation from the ground
state, in which the spins are aligned along the z axis defined by the uniaxial anisotropy
(see Eq. (1.1)). In this configuration the transverse components of the spin are
vanishing (Sx = Sy = 0), so the important contributions to the magnon generation in
Eq. (1.30) are provided by the terms with Sˆ±r , which are linear in the transverse spin
components. The Stokes (magnon creation) and the anti-Stokes (magnon destruction)
processes can be identified with the Sˆ−r and Sˆ
+
r terms, respectively. Note also that
the combinations of the electric field vectors in Eq. (1.30) define the polarization
selection rules for the Raman process.
It is not trivial to unravel the microscopic mechanism allowing the Raman exci-
tation of magnons. Since we are considering light scattering (in the optical range)
with a medium in the non-dissipative regime, a resonant coupling of the magnetic
field of light with spins is ruled out. Relying on the electric dipole approximation, a
natural difficulty arises from the lack of direct interaction between the electric field of
light and spins. However, an indirect coupling due to the mixing of spin and orbital
moments is possible [9]. This mechanism is well illustrated by the specific example
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reported in Fig. 1.2. Consider a crystal in which the ground state of the magnetic ion
has spin S and zero orbital angular momentum, L = 0. We suppose that the ion has
an excited P state with L = 1 and the same spin state S. The ground state is split
into 2S + 1 sub levels by the exchange field, while the excited state is split into three
sublevels by the spin-orbit coupling. A magnon is obtained from a linear combination
of the excitations of the individual ions from the Sz = S to the Sz = S − 1 states.
Note that each couple of transitions shown in Fig.1.2 results in a spin flip process,
while each transition is an allowed electric dipole transition. If the excitation of the
medium is off resonant (like in every experiment reported in this thesis), the P mul-
tiplet acts as virtual intermediate states of the double transition. This is known as
Elliot-Loudon mechanism [9], for which a successful scattering of light on magnons
requires only a non-vanishing spin-orbit coupling in the excited state.
A further contribution to the one-magnon scattering may arise from the term with
Gijkl in Eq. (1.28). Considering the cubic symmetry [2, 8] it is found that all the
non-zero components of Gijkl, relevant for the one-magnon scattering, have the same
value (G). The contribution to the Hamiltonian is then
Hˆ1Mb = 3
2
G
∑
r
[(EzIE
+
S +E
+
I E
z
S)(Sˆ
+
r Sˆ
z
r + Sˆ
z
r Sˆ
+
r ) + (E
z
IE
−
S +E
−
I E
z
S)(Sˆ
−
r Sˆ
z
r + Sˆ
z
r Sˆ
−
r )]
(1.32)
Although terms quadratic in the spin operator appear, Hˆ1Mb is linear in the transver-
sal spin component describing, therefore, the one-magnon excitation process. The
total one-magnon Hamiltonian is obviously given by the sum of Eq. (1.30) and (1.32).
The two contributions can be experimentally disentangled. In fact the polarization
selection rules of the two processes are not the same, given the different combinations
of the electric fields in the the two equations.
1.2.2 Raman scattering and magneto-optics
The light scattering of magnons and the magneto-optical activity of a medium have a
strong connection. Let us limit our discussion to the case of a transparent material, i.e.
we employ the non-dissipative approximation. Considering a light beam propagating
along the direction of the spin alignment (Faraday geometry), the specific magnetic
circular birefringence (i.e. Faraday rotation per unit length of the sample) is given
by [7]:
ΦMCB =
pi
λ0
Re(nr − nl) =
piAij
λ0n¯′
=
piKSz
λ0n¯′
(1.33)
where λ0 is the wavelength of light in vacuum, nr and nl denote the refractive indices
of right and left circularly polarized light, respectively. Also n¯ = n¯′+ in¯′′ is the mean
refractive index, the effect of n¯′′ was neglected (non-dissipative approximation). The
symbol Aij represents the antisymmetric spin dependent component of the dielectric
tensor, which can be expressed by the off-diagonal terms (see the beginning of the
section). Only the term containing K can therefore be replaced by Aij (see Eq. (1.28)).
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Let us now consider the Voigt geometry, consisting of a light beam propagating
along a direction orthogonal to the spins. In this configuration the specific magnetic
linear birefringence (Cotton-Mouton effect per unit length of the sample) may be
observed, it is given by [7]:
ΨMLB =
pi
λ0
Re(n‖ − n⊥) =
2piSij
λ0n¯′
=
piG(Sz)2
λ0n¯′
(1.34)
where n‖ and n⊥ are the refractive indices for light linearly polarized parallel and
perpendicular to the z direction. The symbol Sij represents the symmetric spin de-
pendent component of the dielectric tensor.
The results clearly show that the magneto-optical effects are defined by the same
tensors describing the Raman scattering on magnons. Thus we could express the
one-magnon Hamiltonian in terms of magneto-optical coefficients. Moreover mea-
surements of the Faraday and Cotton-Mouton effects would provide a quantitative
estimation of the tensors K and G, which play a key role in the calculation of the
Raman cross section [2, 7].
1.2.3 Two-magnon scattering
In our discussion we have hitherto neglected the contribution to Eq. (1.28) containing
two spin operators at different atomic sites. It was demonstrated that the effect of this
term is marginal compared to the others in the description of the one-magnon physics
[2, 5, 7]. However it is responsible for the two-magnon scattering, consisting in the
creation or destruction of couples of magnons. For the Stokes component of light the
shift in photon frequency is equal to the sum ω1(q) + ω2(q
′) of the frequencies of the
two magnons. The total transferred wavevector is k = q + q′. Given the relative size
of the wavevectors of light and of the Brillouin zone boundary, it follows that q = −q′.
Since two magnons are created with wavevectors equal in amplitude and opposite in
direction, the symmetric dispersion relation plotted in Fig. 1.1 determines that the
two frequencies of the magnons are equal ω1(q) = ω2(q
′) = ω(q). In principle couples
of magnons with wavevectors ranging over the whole Brillouin zone may contribute to
this process. However, the experimental observations of the Raman spectra [2, 3, 10]
demonstrate that only the magnons with wavevectors at the edges of the Brillouin
zone play an active role in the two-magnon physics. Conversely, the one-magnon
process concerns excitations close to the center of the Brillouin zone.
A first approach to the explanation of the two-magnon mode could involve the
extension of the Elliot-Loudon mechanism to the second-order. The resulting [2, 3]
cross section is several orders of magnitude smaller than in the case of the one-magnon
scattering. This is in striking disagreement with the observation that the two-magnon
mode is of comparable or even higher intensity than the single magnon mode [3].
Therefore another and more efficient scattering mechanism was proposed to explain
this physical process, the so called exchange scattering mechanism. We employ the
symbols |k,+〉 and |k,−〉 to describe the excited states obtained by the generation
and destruction of a magnon with wavevector k. Considering a two-magnon process
there are four possible states:
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|a〉 = |k,+〉 |−k,+〉 ∆Sz = +2
|b〉 = (
√
2)−1[|k,+〉 |−k,−〉+ |k,−〉 |−k,+〉] ∆Sz = 0
|c〉 = (
√
2)−1[|k,+〉 |−k,−〉 − |k,−〉 |−k,+〉] ∆Sz = 0
|d〉 = |k,−〉 |−k,−〉 ∆Sz = −2.
(1.35)
The states involving two spin flip processes (|a〉 and |d〉) rely on the Elliot-Loudon
mechanism, since the contribution of the spin-orbit coupling is required to fulfil the
conservation of spin. In this case a higher order Elliot-Loudon process is required
to generate two magnons, thus the two-magnon peak is expected to be much less
intense than the single magnon spectral feature. However, this framework fails to
describe the experimental observations concerning the two-magnon scattering, so the
states |a〉 and |d〉 can be ruled out. Note that in a ferromagnet only the state |d〉
is possible, therefore our argument already provides the reason why in ferromagnets
the two-magnon mode is inactive. In the following let us consider a two sublattices
antiferromagnet. The states |b〉 and |c〉 differ in terms of symmetry, the former being
symmetric under inversion of coordinates while the latter is antisymmetric. It can
be shown [3] that for this reason only the state |b〉 is relevant for Raman scattering,
while the state |c〉 describes the absorption process. Both the states with ∆Sz = 0
require a spin-flip event on each sublattice, driven by an interaction other than and
stronger than the spin-orbit coupling. Therefore it was suggested that [3] the exchange
interaction in the excited state of the medium allows the spin flip processes. A series
of electronic virtual transitions result in the generation of couples of magnons, in a
similar way to the description provided in Fig. 1.2, although the key role is played in
this case by the exchange interaction in the excited state.
Considering Eq. (1.28) we can write down the interaction Hamiltonian for the
two-magnon scattering process
Hˆ2M =
∑
r,δ
∑
ijkl
EIi E
S
j Hijkl(r, δ)Sˆ
k
r Sˆ
l
r+δ (1.36)
in particular, following the same argument employed for the one-magnon process,
we obtain that the terms responsible for the scattering are proportional to Sˆ+r Sˆ
−
r+δ
and to Sˆ−r Sˆ
+
r+δ. Using the symmetries of the crystal, an explicit form for the in-
teraction Hamiltonian of a specific system may be deduced. In the case of a cubic
antiferromagnet [2] the terms significant for the two-magnon process are
Hˆ2M =
∑
r,δ
[(
H1 − H3
3
)
EI ·ES +H3(EI · δˆ)(ES · δˆ)
]
1
2
(
Sˆ+r Sˆ
−
r+δ + Sˆ
−
r Sˆ
+
r+δ
)
(1.37)
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where δˆ is the unit vector in the direction of δ, while H1 and H3 are tensor compo-
nents.
1.3 Opto-magnetism
In the previous sections of this chapter we explained how the magnetic excitations of a
medium can be detected by light. In particular, the magneto-optical effects reveal the
properties of the spin system via a modification of the polarization of a light beam,
which interacts with the medium.
A recent breakthrough has showed [11] that the inverse effect is also possible.
Ultrashort optical laser pulses can excite coherent magnons in a solid state magnetic
material. This phenomenon is called opto-magnetism [11–14]. The coupling between
light and spins occurs via impulsive stimulated Raman scattering (ISRS), in a physical
framework very similar to the one depicted in this chapter. Note that in some aspects
the spontaneous and stimulated Raman scatterings differ. A comparison between the
two approaches is carried on in details in chapter 5.
Although the microscopic mechanism lying behind the opto-magnetic effect has
been already widely discussed in this chapter, we provide here a phenomenological
description.
Let us consider the energy describing the interaction between a circularly polarized
light beam and a transparent magnetic medium
E = 0ij(S)Ei(ω)E
∗
j (ω); (1.38)
where the electric dipole approximation has been employed. The dielectric tensor
ij(S) is defined by Eq. (1.28), the components of the electric fields of the laser pulses
are represented by Ei,j and 0 is the permittivity of vacuum. We can describe the
effect of light on the magnetic system in terms of an effective field defined as
Heff (0) ≡ − 1
µ0
∂E
∂S
= − 0
µ0
Ei(ω)E
∗
j (ω)
∂ij
∂S
(1.39)
where µ0 indicates the vacuum permeability. Considering only the lowest order of
ij(S) in the spin degree of freedom (see Eq. (1.28)) we obtain
Heff (0) = −K 0
µ0
Ei(ω)E
∗
j (ω). (1.40)
Heff (0) is a DC effective magnetic field, which results from a rectification effect
triggered by a light beam at a certain frequency ω. This effective field exerts a
torque on the spin system, initiating a coherent precession at the frequency of the
(ferro)antiferromagnetic resonance, which is the one-magnon mode at q = 0. We
considered only the term in ij(S) linear in S because of the circular polrization state
of light, which is an eigenstate of ij(S) with eigenvalues given by the antisymmetric
components of the tensor [6]. Note that the two circular orthogonal polarization states
induce an effective field along the same direction but with opposite orientation (see
Eq. (1.40)). It is now interesting to observe that Aij is also the tensor component
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responsible for the magneto-optical Faraday effect (see Eq. 1.33). Remarkably the
quantity defining the modification of the properties of light by the magnetic order
describes the light-induced changes of the spin system as well. This elegant and
beautiful correspondence justifies naming this class of phenomena as opto-magnetism.
In particular, the generation of the field described in Eq. (1.40) is also called inverse
Faraday effect.
Although in Eq. (1.40) only the linear term in S of the dielectric tensor was
employed, it is possible that higher order terms contribute. It was shown that the
quadratic term proportional to the tensor Gikjl in Eq. (1.28) can contribute to the
light induced impulsive generation of magnons [12–14]. In this case the modification
of the magnetic system by light was called inverse Cotton-Mouton effect. As already
mentioned in section 1.2.1, different polarization states of light give access to the Kijk
and Gikjl terms in Eq. (1.28). Therefore, it follows in a straightforward way that laser
pulses with different polarizations may successfully trigger magnons via the light-spin
coupling described by different terms in Eq. (1.28).
1.4 About this thesis
In this Chapter we have provided the fundamentals of the light-induced spin exci-
tations in antiferromagnets. The scope of this thesis consists of unraveling and un-
derstanding the ultrafast dynamics of the low and high energy magnons, impulsively
excited by optical laser pulses.
In Chapter 2 a complete description of the several experimental approaches utilised
is reported. Chapter 3 concerns the excitation of the one-magnon mode achieved by
ISRS in KCoF3. We performed measurements by varying the laser parameters (po-
larization, fluence, photon energy), temperature and an externally applied magnetic
field up to 7 T.
Chapter 4 addresses the role of the optical absorption in the photo-induced ultra-
fast spin dynamics in KNiF3. Tuning the laser photon energies we disclosed a novel
regime of spin dynamics, in which no traces of heating of the electrons and the lattice
are observed. This analysis was possible only due to the simultaneous measurement
of both the longitudinal and transversal components of the spin dynamics.
In Chapter 5 we describe our pioneering attempt to measure the sub-picosecond
dynamics of the stimulated Raman spectrum of a magnetic material. We pursued this
ambitious goal by employing the femtosecond stimulated Raman scattering technique.
We also accessed high-energy magnons in the time domain, by exciting the two-
magnon mode in KNiF3 via ISRS. In Chapter 6 we report our experiment performed
with a superior time resolution, which granted us access to the sub-100 fs photo-
induced dynamics.
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Chapter2
Experimental Techniques
In this chapter the experimental techniques employed to investigate the ultrafast dy-
namics of magnons are reported. First we explain the concept of the pump-probe
technique. Our setup, able to measure the magneto-optical response of a medium
with sub-picosecond time resolution, is described in details. The results presented in
chapter 6 were obtained with a similar system (designed and developed at the Univer-
sity Politecnico in Milano), in which the time-resolution is as short as 10 fs. We briefly
mention the approach which allows to achieve such a superior time-resolution. Then
we present the physical mechanism of the experimental technique known as femtosec-
ond stimulated Raman scattering. This approach was followed in the investigation
reported in chapter 5. Given the novelty of the technique, we believe it is important
to compare it with the more conventional spontaneous Raman spectroscopy.
2.1 Pump-probe technique
The study of the interaction between light and matter is one of the most powerful
approaches to understand the electronic, lattice and magnetic structure of solid state
compounds. Conventional spectroscopic techniques (i.e. Raman scattering, absorp-
tion spectroscopy, neutron scattering), which reveal eigenfrequencies and lifetime of
fundamental excitations like phonons, magnons and excitons, indicate that the char-
acteristic time scales of several physical processes of interest lie in the picosecond
or femtosecond regime. However, these excitations are strictly speaking defined for
a medium in an equilibrium state. Understanding the excitation mechanisms and
interactions of these quasiparticles, relying only on frequency domain investigations,
is limited. Measuring the dynamics of these processes, with a resolution comparable
or even shorter than their own characteristic time scales, provides a direct access to
a totally different and novel class of phenomena. An experimental observation of
the properties of a condensed matter system on the femtosecond time-scale unravels
an hitherto unexplored regime where the concept of equilibrium, which is the foun-
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Figure 2.1: Pump-probe technique. This approach relies on two trains of synchronised laser
pulses, which constitute two beams: the pump and the probe. The laser pulses are separated in time
by a delay ∆t, which is continuously tuned in order to track the whole dynamical response of the
system subsequent the photo-excitation of the pump.
dation of thermodynamics, utterly fails to represent the state of the medium. The
advent of femtosecond pulsed laser sources enabled the measurements of the optical
response of a material with a time resolution of ≈ 100 fs. The most typical config-
uration of such time-resolved experiments is the pump-probe scheme, in which two
synchronized trains of pulses are employed. One is the so-called pump beam, exciting
the sample and bringing it to a non-equilibrium state, while the other is called probe
beam, which is used to monitor the state of the medium. Detecting the effect pro-
duced by the photo-excitation on the probe pulse (see Fig. 2.1), by varying the time
delay between the pump and probe pulses, allows to track the ultrafast laser induced
dynamics. In order to obtain a reliable measurement of the response of the medium,
two conditions must be fulfilled:
• the intensity of the pump pulses incident on the sample must be high compared
to the intensity of the probe pulses. The latter must not induce any effect in
the material, but only detect the pump-induced dynamics. The intensity ratio
needed to fulfil this condition depends on the material under investigation.
• In the time interval between two consecutive pump pulses the system must relax
to the very same equilibrium state in which it was before the interaction with
the laser pulses occurs. In our case the repetition frequency of the train of laser
pulses is 1 kHz, which implies that the relaxation from the excited state to the
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Figure 2.2: Laser system. This schematic representation describes the laser system used in the
experiments reported in chapters 3 and 4.
ground state of the medium has to take place in less than 1 ms.
2.2 Laser System
The experiments presented in chapter 3 and 4 were performed employing a commercial
Spectra-Physics amplified laser system, able to generate 35 fs laser pulses, with central
photon energy of 1.55 eV at the repetition rate of 1 KHz. The average energy is
roughly 4 mJ per pulse. Our system is schematically shown in Fig. 2.2 and it is
composed by the following elements:
• Mai Tai SP unit, containing a CW diode-pumped laser and a mode-locked
Ti:Sapphire pulsed laser.
• Empower, intracavity-doubled, diode-pumped Nd:YLF laser.
• Spitfire Pro 35F-XP Ti:Sapphire regenerative amplifier.
• TOPAS-C with additional mixers MX1 and MX2, high power optical paramet-
ric amplifier from Light Conversion.
In the Mai Tai SP unit there is a chamber, where the CW laser is placed. The
latter is a diode-pumped, intra-cavity, frequency-doubled, solid state 532 nm laser
designed after the Spectra-Physics Millennia diode-pumped laser. The active medium
is the crystal Nd:YVO4, which is capable to produce more than 15 W of 1064 nm
light. The infrared radiation is then frequency-doubled by an LBO crystal into 532
nm green light, which is the output of this chamber. This beam is the optical pump
for the Ti:Sapphire crystal, which can emit 50 fs laser pulses with central wavelength
adjustable in the range 780-820 nm. We set the wavelength to 800 nm, the bandwidth
in this configuration was 30-40 nm. The repetition rate of the Mai Tai SP is 84 MHz.
The mode-locking in this system is achieved by an acousto-optic modulator, driven
by a radio frequency signal. Since the mode-locking can be imposed, the Mai Tai
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SP is an active system. Nevertheless, once the mode-locked regime is established the
modulator switches off and the system runs via pure Kerr lens mode-locking [1].
The laser pulses out of the Mai Tai SP are then amplified by the Spitfire Pro
35F-XP, which is optically pumped by the Empower. The active medium of this
laser system is a crystal of Nd:YLF, which emits radiation at 1053 nm. This infrared
light is then frequency-doubled by an LBO crystal, which finally emits 100 ns laser
pulses at the repetition rate of 1 kHz, with average power of 19 W [2]. This visible
laser radiation is the energy sink necessary for the Spitfire Pro 35F-XP in order to
amplify the near infrared seed pulses from the Mai Tai SP. However, the short pulses
from the Mai Tai SP are stretched in duration using a multi-pass grating and mirror
combination before the amplification process. Individual pulses are then selected
from the train of stretched seed pulses and confined in the regenerative amplifier.
The injection of the selected pulses is synchronized by the first Pockel cell with the
excitation of the Ti:Sapphire caused by the Empower output. The active medium is
brought into an excited state in which population inversion is achieved. Stimulated
emission can then be triggered by a seed pulse which, after several passes through the
active medium, is amplified. The condition of population inversion in the Ti:Sapphire
lasts as long as the green laser pulse is present. Consequently the amplification
process must take completely place within the duration of the Empower pulses. After
achieving the optimum level of amplification, the selected pulses are directed into
the compressor, with the second Pockel cell determining the proper timing [3]. The
compressor shortens the pulses to a duration of roughly 35 fs. The power out of the
Spitfire Pro 35F-XP is 4 W, which means 4 mJ per pulse. This output is equally split
into two beams: one is used on the optical table for experiments while the second is
aimed at the optical parametric process, which changes the wavelength of the laser
beam.
A nonlinear optical process is needed to obtain such a result. In particular, in
the optical parametric process (OPA) three beams are involved: the signal (s), the
pump (p) and the idler (i). The pump provides the energy to amplify the signal, by
interacting with the latter in a nonlinear crystal. Since the frequencies of the two
beams involved are different, the conservation of energy requires the generation of a
third beam, called idler [4]. The following relation holds
ωp = ωs + ωi (2.1)
This nonlinear interaction occurs provided that the phase-matching condition is
fulfilled, which derives from the conservation of momentum, i.e.
kp = ks + ki (2.2)
In our set-up we employed a TOPAS-C with additional mixers MX1 and MX2
to further widen the tunability range, which eventually amounts to 190 nm - 2.6
µm. Roughly 1.8 W of the amplified laser beam is sent into the TOPAS-C, while
the residual power (200 mW) is directed into a computer controlled mechanical delay
stage. This device sets the proper delay in order to combine the 800 nm radiation in
the mixers with the output of the TOPAS-C. The OPA process occurs in our setup in
2.3 Magneto-Optical Pump Probe Setup 21
two stages. A small fraction (about 1-3 µJ) of pump pulses at 800 nm wavelength is
used to produce white- light continuum (WLC) in a sapphire plate. The WLC beam
and another fraction (30-50 µJ) of the pump beam are focused into the pre-amplifier
crystal. The pulses are timed and overlapped non-collinearly inside the nonlinear
crystal, where parametric amplification takes place. A non-collinear geometry is used
to easily separate the amplified signal beam. The pump and signal beams are then
collinearly overlapped in the second nonlinear crystal. As a result the TOPAS-C
delivers collinear and well collimated signal and idler beams. The wavelength tuning
in the pre-amplifier stage is achieved by changing the delay of the white-light pulse
with respect to the first pump pulse. The crystal angle is also adjusted to optimize
the phase-matching. The wavelength tuning in the power-amplifier is achieved by
first adjusting the pre-amplifier wavelength and then optimizing the second crystal
angle and signal delay with respect to the second pump beam. The tuning operations
can be easily performed through a computer using dedicated software. Our system is
able to generate ultrashort (≈ 200 fs) laser pulses in the visible spectral range with
200 mW average power.
Let us note that the optical parametric amplifier process in a fully non-collinear
geometry (NOPA) can generate broadband pulses with duration of 10 fs throughout
the whole optical range [4, 5]. This principle is employed in the state of the art set-up
built in the University Politecnico in Milano (Italy), where the experiments reported
in chapter 6 were performed.
2.3 Magneto-Optical Pump Probe Setup
In this section we report a detailed description of the pump-probe set-up employed to
perform the measurements reported in chapters 3 and 4. The optical scheme is first
introduced (section 2.3.1), then the concept of the balanced detection is explained
(section 2.3.2). In particular, we show how the signals measured by the electronics of
our acquisition system can be converted into rotation of the probe polarization.
2.3.1 Optical Scheme
The output of the amplified laser system described in the previous section is split into
two components of roughly 2 W average power. One beam is used for the OPA process
which, in our case, resulted in laser pulses with photon energy tuned across the visible
(1.9 - 3 eV) range. We used mostly this beam as pump, although some measurements
were also performed probing with visible light the photo-excitation triggered by the
1.5 eV beam. The pump-probe scheme typically requires a modulation of the pump,
which allows the detection of the pump induced component solely of the total signal.
In our case the amplitude of the pump beam is modulated by a mechanical chopper,
which rotates at 500 Hz. Consequently a successful detection of the photo-induced
effects in the sample consists in isolating the 500 Hz component of the probe beam
(see section 2.3.2). The circular polarization state of the pump beam was obtained
by using a quarter waveplate (λ/4 in Fig. 2.3), while half waveplates (λ/2 in Fig.
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Figure 2.3: Schematic of our magneto-optical pump-probe set-up. This schematic repre-
sentation describes the pump-probe set-up employed in the experiments reported in chapters 3 and
4.
2.3) were employed to rotate the direction of the linearly polarized beams. The power
of the pump beam could be finely tuned by an attenuator (AT in Fig. 2.3), which
is a system composed by a half waveplate and a polariser. Rotating the waveplate
allows to continuously change the power of the excitation beam. The probe beam
was differently attenuated, using a combination of neutral density filters. The visible
beam produced by the TOPAS-C was focussed down to ≈ 400 µm and it impinged
on the sample at normal incidence. The probe beam was incident at a small angle
(≈ 10◦) and its size on the sample was ≈ 100 µm. The radiation at 1.55 eV was
focused on the sample with a plano-convex lens, while for the beams at other photon
energies we employed a silver spherical mirror (SM in Fig. 2.3). This choice minimizes
the variations of the beam position and of the spot size on the sample for different
photon energies.
Let us note that the intensity of light is described throughout this thesis in terms
of fluence, which is defined as
Fluence =
Energy
Area
(2.3)
where the energy of the laser beam is given by the average power divided by the
repetition rate. The area at the denominator is the surface covered by the laser spot
on the sample, the conventional unit of the fluence is mJ/cm2. From the definition
of the fluence it follows that it is of fundamental importance to precisely estimate
the spot size. We employed for this purpose a camera (Data Ray WinCamD-UCD
12), able to measure the space profile of the laser beam. We used the camera to
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fully characterize the pump beam before each experiment. Not only a measurement
of the spot-size with accuracy on the nanometer scales is achieved, but the profile
of the beam is also kept under constant control. This is an important parameter for
coherent excitations, like the ones reported in chapters 3, 4 and 6.
The samples were placed in a flow cryostat, in which the temperature could be
lowered to 10 K. Let us note that part of the measurements shown in chapter 3 were
performed with a different pump-probe setup, in which a superconducting split coil
magneto-optical cryostat was used. The cryostat allows to apply a magnetic field
up to 7 T with 0.1 mT steps and to vary the temperature in the range 1.5-300 K
with precision of 0.1 K. The cryostat has 4 windows which enable several relative
orientations between the field and the magnetization (or antiferromagnetic vector) of
the samples.
2.3.2 Detection scheme
In our experiments we accessed the spin system via the magneto-optical effects, which
result in rotation or modification of the ellipticity of the light polarization. Here we
present our detection scheme, which is called balanced detection. First, we introduce
the fundamental devices for this experimental configuration. A description of the
electronics followed, while the section ends with a detailed derivation of the formula
allowing the conversion of the electronic detected signal into degrees of rotation of
the polarization.
Balanced detection
The balanced detection scheme is able to detect rotation of the probe polarization.
Figure 2.4 reports the key elements of this system: the Wollaston prism, which splits
in space the two ortghonally polarized components of the incoming beam, and two
diodes (A and B in Fig. 2.4). In our case the prism and the diodes are mounted on
a single rotational stage, which constitutes our home-made balanced-detector. This
device provides four output channels: two for the single diodes (A and B channels),
one for the difference signal (A-B, amplified by a factor 10) and the last one for the
sum signal (A+B).
The measurement of the rotation of the probe polarization employs the use of
the difference channel. Let’s consider a linearly polarized beam with electric field E
impinging on the Wollaston prism at an angle α = 45◦ with respect to the optical
axis of the prism (see Fig. 2.5(a)). This optical element splits the incoming beam
into two. In this case the electric fields of the two output beams are
EA = E sin
(pi
4
)
= E cos
(pi
4
)
= EB (2.4)
consequently the signal measured by the two diodes, which is proportional to the
intensities of the two beams IA,B ∝ |EA,B |2, is equal. Thus the difference channel
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Figure 2.4: Concept of the balanced detection. This detection scheme relies on the ability of
the Wollaston prism to separate in space the two orthogonally polarized components of the incoming
light beam.
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Figure 2.5: Polarization of the beams after the Wollaston prism. (a) An incoming beam
linearly polarized along a direction 45◦ away from the optical axis of the Wollaston prism is split
into two beams with the same intensity. (b) If the incidence angle of light on the Wollaston prism is
other than 45◦, the electric fields of the two output beams are not equivalent.
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provides IA− IB = 0. If the polarization of the incoming beam is rotated by an angle
β (see Fig. 2.5(b)) the electric fields of the two components become
EA = E sin
(pi
4
+ β
)
EB = E cos
(pi
4
+ β
)
(2.5)
The estimation of the signal detected by the difference channel (SigA-B) is obtained
evaluating the difference of the optical intensities corresponding to these electric fields,
namely
SigA-B ∝ E2 sin2
(pi
4
+ β
)
− E2 cos2
(pi
4
+ β
)
= E2 sin (2β) ≈ 2βE2 (2.6)
It is therefore clear that the balanced-detection scheme provides a signal directly
proportional to the rotation angle of the probe polarization β. The last step in
Eq. (2.6) relies on the small angle approximation, in which the signal out of the
A-B channel of the balanced detector is a linear function of the angle of rotation
experienced by the probe polarization. Let us now consider specifically how this
detection scheme was employed in our experiments.
After the interaction with a magnetic sample the polarization of the probe beam
is affected in terms of rotation and modification of the ellipticity. We discuss the
measurement of the former first. In a time-resolved experiment we want to detect
the pump-induced modification of the spin system, which results in rotation of the
probe polarization via a magneto-optical effect. Setting the mechanical delay line
at a negative delay (i.e. the probe pulse impinges on the sample before the pump
pulse), we rotate the balanced-detector until the difference channel provides a null
signal. This procedure is called balancing the detector. Scanning all the positive
values of the delay between pump and probe (i.e. pump pulses impinge on the sample
before the probe) the non-zero signal measured is completely photo-induced. Note
that in principle a scattered component of the pump beam could be incident on the
detector, affecting our signal. We minimise this effect by using color filters, which are
transparent only to light in the spectral range of the probe while they are opaque for
the pump photons.
Measuring the photo-induced variations of the ellipticity of the probe polarization
requires the use of an additional quarter-wave plate in front of the balanced detector
(shown in Fig. 2.3). The detector should be balanced without this wave plate. This
device must be then inserted at such an angle of incidence that the balancing condition
is unaffected, i.e. the difference channel provides still a null signal. This means that
the electric field of light is parallel to the optical axis of the waveplate. Aiming to
understand how the quarter-wave plate modifies the polarization, we employ the Jones
matrices [6]. In case of incoming light linearly polarized along one of the axis of the
wave plate, the polarization of the beam after the plate is given by(
1 0
0 −i
)(
1
0
)
=
(
1
0
)
(2.7)
26 Experimental Techniques
where the first matrix describes a quarter-wave plate and the second represents the
incident radiation, whose polarization is unaffected by the wave plate. Let us now
assume that the interaction of the probe beam with the sample induces a deviation
from the linearly polarized to an elliptically polarized state, due to the pump-induced
effects in the medium. The propagation through the quarter-wave plate provides in
this case (
1 0
0 −i
)(
C
i
)
=
(
C
1
)
(2.8)
the second matrix on the lefthand side represents an elliptically polarized state, with
a certain amplitude C of the x-component of light [6]. Note that the outcoming beam
is linearly polarized, along a different direction of the original probe beam (see Eq.
(2.7). Since only the pump induced signal is detected in the differential scheme (see
following section), our apparatus is not directly sensitive to the beams described in
Eqs. (2.8) and (2.7), but to their difference(
C
1
)
−
(
1
0
)
=
(
C − 1
1
)
. (2.9)
Thus the balanced detection scheme is sensitive to a pump-induced modification of
the ellipticity of the probe polarisation, which is converted and detected in terms of
rotation of the probe polarization.
We have shown that the difference channel measures the modification of the rota-
tion (or ellipticity) of the probe polarization. On the other hand, the A+B channel
detects the pump-induced variation of the sum of the two components of the probe
beam transmitted by the sample. Thus this is a reading of the transient transmissivity
of the material.
Electronic scheme
The electronic signal from the A+B and A-B channels of our detector are sent to
two boxcar integrators. These devices amplify the input signal in a time window whose
rise edge is synchronised with the laser pulses. The integration window is adjusted
in order to contain the desired signal and to avoid the amplification of noise between
one laser pulse and the following. The amplified output is then sent to two lock-
in amplifiers Stanford Research SR830m, which are able to detect only components
at the frequency of the input signal [7]. In the pump-probe scheme the reference
frequency sent to the lock-in amplifiers is the frequency of the chopper modulating
the pump beam (in our case 500 Hz). In this way it is possible to isolate the pump-
induced effects measured by the probe beam. The resulting signal is equivalent to
the difference between the detection of the probe beam in the presence and in the
absence of the pump pulses.
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The electronics employed in our setup must clearly be taken into account in order
to convert the detected voltages into degrees of rotation of the polarization. Using
Eq. (2.5), let us first consider the signal obtained from the sum channel
SigA+B ∝ E2 sin2
(pi
4
+ β
)
+ E2 cos2
(pi
4
+ β
)
= E2 =
SigBox
As
(2.10)
where SigBox is the output signal of the boxcar used for the sum channel and As is
the corresponding amplification factor. Here we consider the total transmitted optical
intensity of the probe beam, so the signal at the repetition rate of the laser (1 kHz)
and not the frequency component at the modulation frequency. We can now express
the output of the difference channel as
SigA-B =
2
√
2
10
SigLock−in
Ad
(2.11)
where the first factor in the righthand side takes into account the root mean square sig-
nal from the lock-in and the pre-amplification factor of the A-B channel of our detector
(10). The output of the lock-in amplifier at the modulated frequency (SigLock−in) is
then divided by the amplification set for the boxcar integrator Ad. Combining Eqs.
(2.6), (2.11) and (2.10) we obtain
sin (2β) =
2
√
2
10
SigLock−in
Ad
As
SigBox
(2.12)
from which it is straightforward to derive the angle of rotation of the probe polariza-
tion
β =
1
2
arcsin
(
2
√
2
10
SigLock−in
Ad
As
SigBox
)
(2.13)
Note that this conversion formula takes into account possible fluctuations of the laser
intensity, since the signal is normalized on the transmissivity which was simultane-
ously measured in the A+B channel.
2.4 Femtosecond Stimulated Raman Scattering
This section describes the technique employed for the experiment reported in chapter
5, namely the femtosecond stimulated Raman scattering. The experiment was per-
formed in collaboration with University ”La Sapienza” (Roma, Italy), using the setup
built there and described in details elsewhere [8, 9]. Here we aim at providing the
physical mechanism of the experimental approach and at comparing it with the more
conventional spontaneous Raman spectroscopy.
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Figure 2.6: Stimulated Raman scattering. Schematical representation of the concept of
stimulated Raman scattering. This figure is taken from reference [10].
2.4.1 FSRS technique
The investigations of the ultrafast dynamics in condensed matter in the time domain
revealed the possibility to generate and control collective modes by means of laser
pulses [10–12]. However, the modification of the spectra of the media induced by light
can be only partially reconstructed relying on the Fourier transform of the time traces.
Detecting the whole Raman spectrum at each delay time from the photo-excitation
with sub-picosecond resolution would provide a complementary picture of the light-
induced dynamics. Some attempts to extend spontaneous Raman spectroscopy to the
time domain have been done [13–15]. This approach is hampered by the low-efficiency
of the spontaneous Raman process and by the trade-off of the temporal and spectral
resolutions. The probe pulses determine simultaneously both of them, therefore the
Fourier limit is a fundamental constraint for the combined resolution of this approach.
These severe shortcomings are indeed confirmed by the very limited amount of works
reported employing this scheme.
Recently an alternative approach to the time-domain Raman spectroscopy has
been proposed and developed: the femtosecond stimulated Raman spectroscopy (FSRS)
[16–19].
Let us first quickly describe the concept of the conventional stimulated Raman
scattering (SRS), displayed in Fig. 2.6. The system in the ground state interacts non-
resonantly with a light beam at the frequency ω1. Note that a resonant excitation is
also possible, but it is not required to explain the mechanism of SRS. A second light
beam, at the frequency ω2 interacts with the medium in the excited state stimulating
the Raman emission. Clearly such a process is possible only if the Raman condition
is fulfilled, i.e.
ω1 − ω2 = Ωm (2.14)
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Figure 2.7: Time-domain picture of the FSRS. The three pulses involved in the FSRS process
are displayed here. Note that the long pulse duration of the Raman pump is essential in order to
properly resolve spectrally the Raman active modes. This figure is adapted from reference [17].
where Ωm is the frequency of the scattered magnon (or phonon). Thus this implies
that ω2 is equal to the Stokes frequency, since the emission of a light beam belonging
to a certain mode of the electromagnetic field can only be stimulated by another beam
of the same mode.
The FSRS approach is a time-resolved version of the stimulated Raman scatter-
ing, which relies on three laser pulses (see Fig. 2.7). The ultrashort (50 fs) actinic
pump (AP) excites the system out of equilibrium. The dynamics of the medium is
investigated by delaying this pulse from the other two pulses displayed in Fig. 2.7,
which are the narrowband picosecond Raman pump (RP) and the ultrashort con-
tinuum broadband probe (PR). These two beams give rise to the stimulated Raman
scattering process, where the RP plays the role of the ω1 beam in Fig. 5.3 and the PR
being the stimulating beam with frequency ω2. The use of a continuum probe allows
the excitation of several Raman active modes, since different frequency components
of the PR broad spectrum fulfil the condition in Eq. (2.14) for different Raman active
modes.
We can write the third order polarization which defines the SRS process in this
case as
P (3)(ωG) = χ
3E∗RP (ωRP )ERP (ωRP )EPR(ωG) (2.15)
where χ3 is the third order susceptibility and ωG = ωRP − ωm is the frequency at
which the Raman gain appears, which is defined by the difference between the Raman
pump frequency and the magnon (or phonon) frequency. Given the dependence of the
polarization on the electric fields, the SRS process relies on two interactions between
the medium and the RP and on a single interaction with the PR.
It is straightforward to discuss the spectral resolution of the FSRS by describing
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Figure 2.8: Frequency-domain picture of the FSRS. The spectra of the pulses involved in
the SRS process and of the detected polarization are reported. This figure is taken from reference
[17].
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this approach in the frequency domain. In Fig. 2.8(a)-(c) the temporal profiles and
the spectra of the pulses and of the mode excited are reported. The finite duration of
the vibrational coherence results in a limited bandwidth in the frequency domain. The
induced coherence modulates the macroscopic polarization (Eq. (2.15)) of the sample
at the frequency of the phonon (or magnon). Consequently the radiation generated
by the sample polarization in the frequency domain consists of three features: the
Rayleigh peak at the RP frequencies and the two Raman bands separated by the
frequency of the phonon (or magnon) from the Rayleigh peak. As it is explained in
section 2.4.2, it is not possible to indentify the two Raman bands as the SRS equivalent
of the Stokes and antiStokes peaks observed in spontaneous Raman spectroscopy.
Figure 2.8(e) shows that the detected signal is the probe beam with the Raman
spectrum on top of that. Normalising this signal with the original spectrum of the
probe provides the Raman gain, which is the desired quantity.
Adding the AP pulse to this scheme allows the measurement of the Raman spec-
trum in the excited state of the medium. This technique has been so far employed
almost uniquely to measure dynamics of vibrational modes in biochemical samples
at room temperature. The experiment reported in chapter 5 is the first attempt to
use this scheme on a magnetic mode in a solid, measuring also in low temperature
conditions.
2.4.2 Stimulated Raman vs spontaneous Raman
The novel experimental approach of the FSRS has recently revealed significant differ-
ences compared to spontaneous Raman spectroscopy. It is in our opinion of crucial
importance to pinpoint these aspects, in order to avoid misinterpretation of the ex-
perimental results.
The main difference between the technique concerns the collective excitations mea-
sured. Spontaneous Raman spectroscopy maps a thermodynamical distribution of
thermally activated quasiparticles. Possible phase relations between them cannot be
detected in this approach. On the other hand SRS measures photo-induced coherent
modes, which are generated by the interaction of the laser pulses with the medium.
Moreover the stimulated nature of the SRS process increases the cross section of the
Raman effect by several orders of magnitude.
As already mentioned in the previous section, the implementation of spontaneous
Raman spectroscopy in a time-resolved experiment is hampered by a fundamental
constraint, which is the Fourier limit. For a 1 ps transform limited pulse, the spectral
bandwidth is about 15 cm−1, so we can express the limit as ∆t∆ν ≥ 15000 fs cm−1
[20].
The major motivation for the development of the FSRS scheme is the apparent
possibility to circumvent the Fourier limit. This was ascribed to the disentanglement
of the temporal and spectral resolutions [17], which were supposed to be defined by
the pulse duration of the AP and by the bandwidth of the RP respectively. Following
this argument, some authors reported a value of the combined resolution one order of
magnitude below the spontaneous Raman equivalent, namely ∆t∆ν ≈ 500 fs cm−1.
As it has been recently shown [21], defining the FSRS combined resolution is much
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more subtle. Although it is true that the vibrational or magnetic coherence is initiated
with a time precision independent on the spectral resolution, the SRS process can be
completed within the entire duration of the narrowband RP pulse (typically several
picoseconds). Assuming a dephasing time of approximately 1 ps, a measurement of
the dynamics of the Raman active mode on a longer time scale would not be affected
by the duration of the RP pulse. In this case the FSRS spectrum consists of narrow
peaks tracking the instantaneous evolution of the photo-excited modes. However,
if the dynamics of interest occurs on a time-scale shorter than the dephasing time,
the detected spectrum does not correspond to the real dynamics of the system [21].
Moreover the spectral lines can even become dispersive. In this regime the dynamics
takes place before the stimulated Raman interactions are completed, which occurs
within the duration of the RP pulses. Therefore the Raman process mostly probes
the unperturbed state. If the trend and the characteristic time scales of the relaxation
from the photo-excitations are known, it is possible to give an estimation of the real
frequency shift of a Raman band from the FSRS signal [21]. Nevertheless we must
realise that obtaining this information is the reason why experiments are performed.
Another substantial difference between the two Raman spectroscopies concerns the
interpretation of the two Raman bands appearing at different sides of the Rayleigh
peak shift (νR). The picture for the case of spontaneous Raman is well established:
two peaks at νR±νm (νm is the energy of the magnon) are observed in the spectrum.
The amplitude of these peaks is different and the intensity ratio is proportional to
the temperature of the medium [22]. In the SRS case the low-energy feature, which
would be the Stokes peak in the spontaneous Raman approach, is a gain observed
on the spectrum of the probe. On the other hand the high-energy feature, which
would be the anti-Stokes peak in the spontaneous Raman approach, is a loss with the
same intensity of the low-energy gain (in case of off-resonant electronic excitation)[23].
The differences are not limited to the appearance of the experimental features, but
are much deeper. Detailed theoretical analysis showed that Stokes and anti-Stokes
processes contribute, together with other Raman processes (CARS, CSRS), to both
loss and gain [23]. Therefore it is wrong to identify these experimental features with
the Stokes and the antiStokes processes.
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Chapter3
Time-resolved optically excited THz
spin dynamics in magnetic fields up
to 7 T
In this chapter we report our experimental investigation of the ultrafast spin dynamics
in the antiferromagnet KCoF3. The unquenched orbital angular momentum of the
Co2+ ions gives rise to a strong spin orbit interaction, which brings the frequency of
the one-magnon mode up to the THz regime. We could indeed excite this magnetic
mode via impulsive stimulated Raman scattering (ISRS) at the center of the Brillouin
zone. The identification of the signal with the spin resonance is motivated by the
measurements carried out as a function of temperature. Moreover the investigation
of the ultrafast spin dynamics was performed also in the presence of an external
intense magnetic field (up to 7 T), which is able to strongly unbalance the ratio of
the antiferromagnetic domains in KCoF3. In contrast with the literature [1], our
results show unambiguously that the action of the magnetic field on the domains is
absolutely not reversible. The field induced domain motion affects our data, although
we cannot exactly correlate the trends observed in the magneto-optical signal with
the different magnetic configurations established by the field. Finally, we addressed
the issue of a possible amplification of the excitation of the coherent magnons via
resonant pumping of a spin-forbidden transition. Tuning the pump photon energies
in the optical range, we observed that this process is in competition with the ISRS
magnon generation.
3.1 Introduction
The recent research interest in antiferromagnets for spintronic applications [2, 3] is
motivated by the intrinsically faster spin dynamics compared with ferromagnetic sys-
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tems. If fact, while the ferromagnetic resonance frequency is defined by the anisotropy
field (ωFM ∝ ωA [10]), in an antiferromagnet the resonance frequency (AFM) is de-
scribed by the relation
ωAFM ∝ √ωAωE (3.1)
where the two frequencies ωA and ωE are defined as in chapter 1. Note that Eq.
(3.1) is obtained evaluating Eq. (1.25) at the center of the Brillouin zone. Therefore
the frequency of the spin resonance can achieve even the THz range, like in the
case of the cubic perovskite KCoF3. In this material the spin-orbit coupling and,
consequently, the magnetic anisotropy is much stronger than in KNiF3, so ωAFM is
an order of magnitude bigger [4]. Moreover given the dielectric nature of KCoF3,
a possible control of the spins by means of optical laser pulses would take place in
a non-dissipative regime of light-matter interaction. Therefore energy dissipations
resulting in heating would be avoided.
KCoF3 exhibits a peculiar response when an external magnetic field is applied.
The magnetic configuration of the material is affected in such a way that the antifer-
romagnetic domains, in which spins lie orthogonally to the field itself, are promoted
at the cost of the domains where the antiferromagnetic vector is parallel to the field.
The domain walls motion is reported not to occur below a threshold value of the
external field (Hth ≈ 0.3 T) [1]. The saturation is achieved once one of the domains
is overwhelming and the sample can be considered to be in a single-domain state.
According to the literature, such a state is realised by applying a field higher than 3
T [5] and the motion of the domains can be fully reversed [1].
In this chapter we describe our thorough investigation of the ultrafast spin dynam-
ics in KCoF3, aimed at addressing the scientific questions: is it possible to excite and
control the coherent magnons by means of light pulses? This scenario is of particular
interest considering the peculiar properties of KCoF3: can we impulsively excite THz
magnons in the absence of dissipation? In the optical range the absorption spectrum
of KCoF3 shows some spin-forbidden transition. What kind of spin dynamics results
from the resonant excitation of such transitions?
3.2 Sample characterization
Our sample was a 560 µm thick single-crystal of KCoF3 (space group Pm3m), which
has a cubic perovskite structure. Below the Neel point TN ≈ 114 K spins align
antiferromagnetically along the cubic axes and a slight tetragonal distortion (≈ 0.2%)
affects the lattice [6].
The absorption spectrum of the material at room temperature and the pump
photon energies used in our investigation are reported in Fig. 3.1. We measured the
transmitted intensity scanning the spectral range of a xenon lamp. The absorption
coefficient (α) was then calculated by using the relation
α(ω) =
1
z
ln
I0(ω)
I(ω, z)
(3.2)
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Figure 3.1: Absorption Spectrum of KCoF3. The measurement was performed at room
temperature for two orthogonal polarization states. No sign of optical linear dichroism is present
in the spectrum. The photon energies employed to excite the sample in our experiments are also
shown.
where z = 560 µm is the thickness of the sample, I0(ω) is the intensity of light
incident on the sample at the frequency ω and I(ω, z) is the transmitted intensity.
Similarly to the case of KNiF3, the charge transfer transition (i.e. the first interband
transition) does not lie in the optical range. A small band centred at ≈ 1.8 eV is
detected, although the absorption spectrum is dominated by the feature appearing at
≈ 2.4 eV. These peaks have been ascribed to two localized d− d transitions [7], made
possible by the cubic crystal field. Moreover, on the high-energy side of the 2.4 eV
feature, a bump (≈ 2.6 eV) due to a different crystal field transition [7] is detected. A
modification of such spectral lines is in principle expected for low temperatures given
the tetragonal distortion of the lattice, and therefore of the crystal field, occurring
at the Neel point. Nevertheless, the small amplitude of the distortion (≈ 0.2%) does
not produce a significant narrowing or shift of the 2.4 eV band when the spectrum is
measured at 4.2 K [7].
We measured the static Faraday rotation of the sample as a function of an external
magnetic field (see Fig. 3.2), which spanned the range between 0 and 7 T for both
polarities. The light source employed was a continuous-wave laser diode able to emit
coherent radiation with 3 eV photon energy. The choice of this laser is motivated
by the fact that for the time-resolved measurements in high-field (section 3.3.2) we
employed the same photon energy for the probe beam. Moreover the stability of the
intensity and the output power of this source did not require to focus the light on the
sample to perform the measurement. Thus no additional contributions from the lenses
affect the detected Faraday rotation, while the unavoidable signal originating from the
windows of the cryostat was separately measured and then subtracted from the data.
The results display an hysteresis of the magnetization, which is a fingerprint of the
spin-flop transition [8]. In an ideal spin-flop system, the width (∆) of the hysteresis
is given by the difference between the two critical fields [8] and it is equal to
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Figure 3.2: Faraday rotation as a function of an external magnetic field. The temperature
was set to 10 K. The field corresponding to the spin-flop phase transition is shown.
∆ = Hc1 - Hc2= 2 HA. However, our data do not reveal the entire loop: it is
therefore easy to observe the first critical field (Hc1= 3 T), while the second one is
not visible in the range of the field we could apply. Note that the sudden increase of the
magnetisation near Hc1 is in contrast with the idea that in KCoF3 the redistribution
of the domains occurs over a range of field values and not at a critical field [1]. Note
that we cannot identify Hc1 as the threshold field required to initiate the domain wall
motion, since it was reported to be one order of magnitude smaller [1]. Anyhow,
the Faraday rotation measurement provides a strong indication that the spin-flop
transition of the spins originally oriented along the x axis (see Fig. 3.3) has occurred.
We observe that the described signal is superimposed on a response linearly dependent
on the field. In our opinion this contribution arises from the domains in which the
spins lie parallel to the z and y directions (see Fig. 3.3). Moreover we can infer
from these measurements that even a field of 7 T is not enough to saturate the
magnetisation and, consequently, to bring the system in a single domain state. This
conclusion is derived from the shape of the hysteresis loop, which is not completely
closed in the field range investigated.
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Figure 3.3: Schematic representation of the experimental geometry. The quantity probed
is the pump-induced rotation of the probe polarization.
3.3 Results and discussion
In this section, which is divided into four main parts, we present and interpret our
data about the ultrafast spin dynamics in KCoF3.
The study of the sub-picosecond magneto-optical response of the medium as a
function of temperature is reported in section 3.3.1. An oscillatory signal strongly
temperature dependent is observed. Combining these results with the investigation of
the effect of an external magnetic field (section 3.3.2) reveals that the antiferromag-
netic resonance has been impulsively triggered. Measuring the dynamics in a field of
the order of several Teslas showed that the response of the domain structure is not
reversible, differently from results previously published [1]. A complete characteriza-
tion of the excitation and of the magneto-optical probe is reported in section 3.3.3,
where we also studied the effect of the optical absorption on the magnon dynamics,
by tuning the pump photon energy in the optical range. In section 3.3.4 we derive
the expressions of the effective fields representing the action of light on the spins for
different polarization states. The equations of motion describing the dynamics of the
antiferromagnetic vector following the photo-excitation were obtained.
All the measurements reported and discussed in this chapter have been performed
in the geometry shown in Fig. 3.3.
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Figure 3.4: Rotation of the probe polarization as a function of the pump-probe delay.
The amplitude of the oscillations correspond to a 1◦ spin deviation (see the main text).
3.3.1 Temperature dependence
We performed the first experiment at low temperature (T=10 K) tuning the pump
and probe photon energies to 1.5 eV and 1.9 eV respectively. The pump beam was
linearly polarized along a direction 45◦ away from the cubic axes, while the probe
beam was polarized parallel to the [001] direction (see Fig. 3.3).
In Fig. 3.4 we report the rotation of the probe polarization as a function of the
delay between the pump and probe pulses. Neat and well pronounced oscillations
are present in the response of the system to the photo-excitation. The fast Fourier
Transform (FFT) of the data reveals the frequency to be ω ≈ 1.15 THz, in very good
agreement with the frequency of the one-magnon mode measured via spontaneous
Raman spectroscopy [9]. In order to unambiguously ascribe the observed oscillations
to an excitation of the magnetic system, we repeated the measurement for several
values of the temperature.
The results (see Fig. 3.5) show a sharp decrease of the amplitude and frequency
of the oscillations for increasing temperature.
Performing the FFT of all the time traces, we obtained the trend of the frequency
as a function of the temperature (see Fig. 3.6). The softening of the mode as the
Neel point is approached is a clear fingerprint of the magnetic nature of the excited
coherent dynamics [10].
We could estimate the angular spin deviation corresponding to the oscillations
reported in Fig. 3.4. From the magneto-optical characterisation of our sample (see
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Figure 3.5: Pump-probe signal for various temperature values. The dynamics exhibits
the dependence on the temperature typical of a magnetic mode.
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in the Fourier transform.
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Fig. 3.2) we obtain that a rotation of the spins by 90◦, occurring at the spin-flop
critical field, induces a 1.6◦ rotation of the probe polarization. Comparing this value
with the amplitude of the oscillations in the time trace in Fig. 3.4, it results that the
angular deviation of the spins was of the order of 1◦.
3.3.2 Field Dependence
Aiming at confirming the magnetic nature of the oscillations shown in Fig. 3.4, we
studied the dependence of the ultrafast spin dynamics on an external magnetic field.
Let us remind that such a stimulus causes a very peculiar response in KCoF3 (see sec-
tion 3.1). However, the fields required to investigate the modification of the magnetic
structure [1, 5] are too high to be reached by a conventional electromagnet. There-
fore we employed a different pump-probe set-up, which includes a superconducting
magnet able to generate fields up to 7 T and to cool the sample down to 1.5 K. We
performed all our measurements with a 1.5 eV pump beam (fluence: ≈ 25 mJ/cm2)
and a 3 eV probe, generated by frequency-doubling the fundamental beam of the
Ti:Sa laser system with a BBO crystal. The field was applied along the direction of
propagation of the pump beam (see Fig. 3.3), so the spin dynamics was measured
in the Faraday geometry. We present here the data obtained for a linearly polarized
pump first and then the results corresponding to a circularly polarized laser stimulus.
All the experiments discussed in this section were carried out at 10 K.
Linearly polarized pump
Using a pump beam linearly polarized along a direction 45◦ away from the cubic
axes, we measured the spin dynamics while changing the strength of the external field
applied in the range from 0 T to 7 T.
Between 0 T and 2 T the data do not show any significant difference, so we report
only the 2 T time trace in Fig. 3.7. Oscillations at the frequency of the one magnon
mode (≈ 1.13 THz) are visible in the dynamics, superimposed to a second contribution
to the signal in the first 5 ps. As the field is increased to 3 T, a new feature appears
in the spin dynamics of KCoF3. A second mode is excited, which causes beatings in
the data to be present up to 7 T.
The existence of the second mode and its dependence on the magnetic field is
clearly shown by the fast Fourier Transform of the data (see Fig. 3.8).
From the frequency domain it is straightforward to obtain the trend of the fre-
quency as a function of the external field, which we plot in Fig. 3.9. The two
frequencies are increasingly split as the magnetic field strengthens. This behaviour
is similar to the splitting of the frequencies of the antiferromagnetic resonance, when
the field is applied parallel to the spins. However, in a single axis antiferromagnet
this phenomenon occurs for any non-vanishing values of the magnetic field [8]. More-
over, considering a modification of the eigenfrequencies for a field parallel to the spins
means assuming that our signal originates from the x domain. Since the magneto-
optical effect that we measured is Faraday rotation (see section 3.3.3), our experiment
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Figure 3.7: Field dependence of the ultrafast spin dynamics excited by a linearly
polarized pump. The direction of the electric field of the excitation beam was 45◦ away from the
cubic axes. For fields higher than 2 T beatings occur in the oscillatory response of KCoF3.
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Figure 3.8: Fast Fourier transform of the data shown in Fig. 3.7. A second peak appears
when the field is equal to 3 T, which corresponds to the beatings discussed in the main text.
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Figure 3.9: Dependence of the frequencies of the two modes on the external field. The
two frequencies are clearly affected by the intensity of the magnetic field.
is sensitive to the out of plane component of the transient magnetisation. Thus the
precession of spins antiferromagnetically coupled along the x-direction can result in
non vanishing y and z components of the magnetisation, while the x-component is
always null. Therefore the experimental scheme shown in Fig. 3.3 is not sensitive
to the spin dynamics of the x-domain. Nevertheless, the range of fields we applied
is wide enough to strongly modify the ratio of the domains and even to trigger a
process similar to a spin-flop phase transition [1, 5] (see Fig. 3.2). In particular the
onset of this process, which is expressed by the hysteresis loop, occurs at 3 T, the
same value of the field required to observe the splitting of the modes. Therefore we
interpret the appearance of the second mode in our data as a consequence of the field
induced modification of the magnetic structure. The domains where spins align along
a direction orthogonal to the field are promoted. In our case the in-plane domains
grow, which are the only ones we can probe. Given the application of the external
field along the x axis, a net magnetisation along this direction is induced by the field
by canting the antiferromagnetically coupled spins of the in-plane domains, which
dominate for fields stronger than 3 T. Although we are not able to provide a detailed
explanation for the trend shown in Fig. 3.9, the results indeed demonstrate that the
field affects the frequencies of the oscillations plotted in Fig. 3.7. This is a further
and decisive confirmation which allows us to conclude that we successfully excited the
one-magnon mode in KCoF3 via ISRS.
We measured also the dependence of the signal on the pump polarization in a
high field (7 T) for a linearly polarized pump ±45◦ away from the cubic axes. As it is
shown in Fig. 3.10, the phase of the oscillations is reversed by pi and the amplitude of
the magnon appears different. The symmetry of the excitation is discussed in section
3.3.3.
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Figure 3.10: Pump polarization dependence of the signal. The applied external field was
equal to 7 T.
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Figure 3.11: Fast Fourier transform of the data shown in Fig. 3.10. Different amplitudes
and a shift of the spectral components are visible in the plot.
The fast Fourier transform of the data is plotted in Fig. 3.11. While the higher
frequency (≈ 1.16 THz) feature is unaffected by the polarization of the pump beam,
the lower frequency (≈ 1.105 THz) peak differs slightly in position and, more sig-
nificantly, in amplitude. We ascribe this behaviour to the action of magnetic linear
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Figure 3.12: Ultrafast spin dynamics excited by a circularly polarized pump beam as
a function of the magnetic field. The change of the phase of the oscillations is marked by the
continuous black line.
dichroism (MLD) on the pump beam, which consists in a different absorption of the
two orthogonal linear polarisation states. This magneto-optical effect is active in
KCoF3, since measurements of the magnetic linear birefringence have been reported
[5]. The MLD is a function of the external magnetic field, so this effect plays a more
significant role in the measurements in Fig. 3.10 than in the data obtained in the
absence of field. Note that this argument explains not only the difference in ampli-
tude but also the difference in frequency reported in Fig. 3.11. In fact the smaller
peak (blue curve) implies higher absorption, consequently the laser induced heating is
bigger and the eigenfrequency becomes slightly lower. However, the 1.16 THz feature
should be affected as well which is clearly in contrast with the observation. We have
no explanation for this behaviour.
Circularly polarized pump
The data obtained for a circularly polarized pump with applied field up to 4 T do
not show a relevant field dependence. The 1.13 THz one-magnon mode is revealed in
the signal, as it is reported in Fig. 3.12.
The dynamics measured for higher fields turns out to be much more interesting: a
gradual change in the phase of the oscillations occurs between 4 T and 6 T. Increasing
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Figure 3.13: Transient transmissivity as a function of the external magnetic field. The
time traces do not show any dependence on the magnetic field. A modification of the transmissivity
of 4% is observed in the presence of the pump pulses.
the field from 4 T to 5 T results in a pi/2 modification of the phase of the magnetic
signal. The reverse of the sign of the oscillations is complete when the field reaches 6 T.
Beyond the progressive modification of the phase, a second dynamical contribution in
the first 5 ps rises in the same interval of values of the field. This feature was observed
also in Fig. 3.7 for any value of the magnetic field, therefore it is not related to the
polarization of the pump beam or to the intensity of the external field.
We can ascribe unambiguously these features to the spin degree of freedom of the
sample. In fact the possibility that these effects are purely optical is ruled out by the
measurement of the transient transmissivity simultaneously performed for the very
same values of the fields. The data plotted in Fig. 3.13 do not show any dependence
on the external magnetic field.
The previous investigation and discussion of the field-induced domains motion in
KCoF3 led to the conclusion that such effects are fully reversible [1]. In this picture,
scanning the field across a certain range (from 0 T to 7 T for instance) triggers a
motion of the domains which is then reversed scanning the field back (from 7 T to
0 T). The initial and the final magnetic state should be the same. However our
experiments prove this conclusion to be wrong.
First of all, the hypothesis of reversibility of the domain motion clashes with the
hysteresis observed in our static characterisation (see Fig. 3.2). The existence of any
hysteresis forbids the unambiguous determination of the magnetic state of a medium.
Thus across the hysteresis curve two different spin configurations for each single value
of the field are possible for the system.
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Figure 3.14: Non-reversibility of the effect of the field. Comparison between two measure-
ments performed in the same experimental conditions during the scan up to the maximum field and
during the scan back.
Second, aiming at verifying the validity of this hypothesis for the ultrafast spin
dynamics we performed the following control measurements. We swept the field from
0 T to 7 T measuring the transient Faraday rotation at 4 T. Once we achieved the
maximum field (7 T) we brought the field back to the value of 4 T and we repeated
the experiment under the very same conditions. The results, shown in Fig. 3.14,
leave little room to doubt: the effect of the field is not reversible, given the pi flip of
the phase of the oscillations and the second contribution to the signal in the first 5
ps. The most straightforward explanation for these data relies on the motion of the
domains which, being not reversible, gave us access to two different domains in the
two consecutive measurements.
Even in the case of circularly polarized pump, we compared the two helicities,
noting that the amplitude of the oscillations is remarkably different (see Fig. 3.15),
while the phase is reversed when the helicity of the pump beam is changed. Once
again, we ascribe this evidence to different distortion of the two helicities, due to the
magneto-optical activity of the sample and of the cryostat.
Finally we investigated the effect of the sign of the field on the ultrafast spin
dynamics. The results shown in Fig. 3.16, obtained for field equal to ±7 T, reveal
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Figure 3.15: Helicity dependence of the ultrafast spin dynamics. The phase of the
coherent magnetic signal is determined by the pump helicity.
that the sign of the field does not affect the transient Faraday rotation.
3.3.3 Symmetry and spectral dependence of the opto-magnetic excitation
The evidences hitherto discussed have revealed a successful ISRS excitation of the one-
magnon mode in KCoF3. Aiming at a deeper insight into the light-matter interaction,
we report here the experimental characterization of the magneto-optical effect used to
probe the spin dynamics and of the opto-magnetic excitation. The latter was studied
by measuring the symmetries and the spectral dependence. All the measurements
presented in this section were performed at 10 K and in the absence of a magnetic
field.
Probing effect
The conventional method to identify the magneto-optical effect used as a probe
consists in measuring the spin dynamics as a function of the probe polarization. The
results of this experiment in the transmission geometry allow to unambiguously iden-
tify the magneto-optical effect responsible for the observed signal. In our experimental
configuration (see Fig. 3.3) a rotation of the probe polarization can originate from the
Faraday effect and from the magnetic linear dichroism: the former does not depend
on the probe polarization while the latter does, since it is defined by the symmetric
components of the imaginary part of the dielectric tensor [11].
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Figure 3.16: Dependence of the ultrafast spin dynamics on the sign of the field. The
sign of the field does not affect the initial phase of the oscillations.
In Fig. 3.17 we report the measurements performed for different probe polariza-
tions. Our sample was illuminated by 2.2 eV pump pulses, with the fluence set to
≈ 13.5 mJ/cm2. The pump beam was linearly polarized along a direction 45◦ away
from the cubic axes. The spin response of KCoF3 was monitored by a 1.5 eV probe
beam, linearly polarized along the z or the y axis (see Fig. 3.3). The comparison
between the black and blue time traces shown in Fig. 3.17 reveals that the coherent
magnon dynamics is unaffected by the probe polarization. Therefore we conclude
that the magneto-optical effect probed in our experiments is the Faraday rotation.
Moreover, in the blue curve a second contribution to the dynamics appears which is
totally absent in the black time trace. We ascribe this effect to an incoherent photo-
induced modification of the magnetic birefringence. It is well established that in
KCoF3 the magnetic contribution to the birefringence dominates the crystallographic
one [5]. If a variation in the birefringence of a magnetic material takes place, the
Faraday rotation of the medium is affected too [12]. Consequently the effects of such
a light-induced phenomenon can be detected in our experimental configuration. We
will further discuss this feature of the signal in the analysis of the effect of the pump
polarization.
3.3 Results and discussion 51
Delay (ps)
F
a
ra
d
a
y
 R
o
ta
ti
o
n
 (
m
d
e
g
)
0 2 4 6 8 10 12 14 16 18 20
−4
−2
0
2
4
6
8
10
12
 
 
Pump 45ο , Probe Horizontal
Pump -45ο
 , Probe Horizontal
Pump 45 ο
 , Probe Vertical
Figure 3.17: Dependence of the effect on the pump and probe polarization. The
characterisation of the excitation mechanism and of the probing effect was carried out at 10 K, the
fluence was set to ≈ 13.5 mJ/cm2.
Excitation mechanism
Investigating the spin dynamics triggered by different polarisations of the pump
beam allows to characterise the excitation mechanism. In Fig. 3.17 the measurements
obtained employing a pump beam linearly polarized ±45◦ away from the y axis are
shown. Consistently with the phenomenology of the opto-magnetic effect (see section
1.3), the two orthogonal polarisation states (blue and green curves in Fig. 3.17)
trigger oscillations with a phase difference of pi. It is interesting to note that the
background signal in the first 5 ps is unaffected by the modification of the pump
polarisation. This evidence supports our interpretation in terms of incoherent photo-
induced magnetic linear birefringence. We plot in Fig. 3.18 the spin dynamics excited
by 1.5 eV pump beams in several linear polarization states. The results previously
shown in Fig. 3.17 are confirmed: a light beam linearly polarized ±45◦ away from
the crystal axes triggers the one-magnon mode. If a pump beam is linearly polarized
along one of the cubic axes the coherent spin precession is barely visible.
In spite of the horizontal (i.e. parallel to the z axis) orientation of the electric field
of the probe beam, the slow dynamics is not visible in any of the time traces. We note
that the measurements in Fig. 3.18 were performed with a much lower fluence (≈
4 mJ/cm−1) in comparison with the data in Fig. 3.17. Moreover the pump photon
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Figure 3.18: Ultrafast spin dynamics for several linear polarization states of the pump
beam. The temperature was 10 K and the fluence was 4 mJ/cm2. The eigenstates of the excitation
are identified.
energy employed was different. Aiming to reveal the reasons of the observed difference
we investigated the spectral dependence of the ultrafast spin dynamics, tuning the
pump photon energy to three different values: 1.5 eV, 2.2 eV, 2.6 eV. In Fig. 3.1 the
absorption coefficient at 10 K corresponding to these photon energies is marked.
For the sake of a fair comparison among the data obtained for different excitation
energies the fluence and the absorption coefficients have to be taken into account.
More specifically we are able to calculate the space profile of the pump fluence across
the sample (F (z)), which follows the law
F (ω, z) = F0(ω)e
−α(ω)z (3.3)
where α is the absorption coefficient in cm−1, z is the position in the sample and
F0 is the fluence of the light beam impinging on the sample. Since we employed the
transmission geometry in our measurements, we detect the response of the medium
averaged along the whole thickness of the material. Therefore we can estimate the
effective fluence responsible for the observed spin dynamics, by taking an average of
Eq. (3.3). This mean value was used as a normalising factor for the data reported in
Fig. 3.19, in which no significant difference is observed as far as the frequency and
the amplitude of the oscillations are concerned. The latter evidence indicates that the
same mechanism is responsible for the spin dynamics for all the excitation energies.
In fact the amplitude of the precession scales with the absorbed fluence, which has
been already taken into account by the normalization.
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Figure 3.19: Pump spectral dependence. The measurements were performed at 10 K and
the pump beams were always linearly polarized 45◦ away from the cubic axes.
We can therefore conclude that the resonant excitation of the spin forbidden tran-
sitions, responsible for the absorption band centred at 2.6 eV [7], does not provide
any contribution to the magnetic oscillations. In our opinion this is a consequence
of the different mechanism of the spin flip processes triggered by ISRS and by the
resonant excitation of a spin-forbidden band. The former is a scattering process (i.e.
non dissipative), which results in the excitation of a macroscopic coherent state of an
ensemble of magnons with the same phase. The latter is a dissipative process, which
via a resonant electronic transition modifies the spin multiplicity of the system. There
is no phase relation between the ISRS magnons and the spin excitations resonantly
generated, therefore no amplification of the magnonic oscillations was detected. On
the one hand, the presence of laser induced dissipations in the magnetic system could
compete with a coherent process like ISRS. On the other hand, it contributes to mod-
ify the spin population, which is expressed by the longitudinal spin dynamics. Our
detection scheme involving Faraday rotation is not sensitive to this component of the
dynamics, which can be measured via magnetic linear birefringence (see section 4.3).
We also note that the two datasets describing the 1.5 eV excitation prove that the
impulsive generation of coherent magnons scales linearly with the fluence, as expected
[13]. In fact although these measurements were performed with different fluences, the
normalisation gives two traces almost overlapping.
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Figure 3.20: Coherent spin precession in a 30 ps window. The magnetic mode has not
dephased yet even after roughly 30 precession periods.
Considering the analysis of the pump spectral dependence of the spin dynamics in
KNiF3 (see section 4.4.2), it is surprising to notice that the life-time of the oscillation
is not affected at all by different values of the absorption coefficient. In order to
understand this result, let us define the damping parameter
α =
1
ωτ
=
∆ω
ω
(3.4)
where ω is the frequency of the oscillations, τ is the inverse of the bandwidth of
the corresponding spectral line ∆ω. As it clearly stems out from the definition, the
parameter α is the inverse of the Q-factor of the magnon mode. Relying on the
spontaneous Raman spectrum of KCoF3 [9] we estimated for this material αKCoF3 =
0.01. An analogous calculation was done for KNiF3 from the fast Fourier transform
of the data in Fig. 4.9 resulting in αKNiF3 = 0.2. Comparing these two values it
follows that the dephasing process of the magnetic mode takes place over an amount
of oscillations 20 times bigger in KCoF3 than in KNiF3.
This idea is supported by Fig. 3.20, which shows that in 30 periods the precession
has not been damped yet. Therefore, the time window of observation reported in Fig.
3.19 turns out to be too narrow to discuss any effect of the absorption of the pump
beam on the dephasing time of the one-magnon mode.
We note that the phase of the oscillations excited by 2.2 eV pump pulses differs by
pi from the other time traces plotted in Fig. 3.19. However, it is not possible to directly
relate the difference in the phase of the oscillations to a difference in the excitation
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Figure 3.21: Characterisation of the incoherent component of the dynamics. Compari-
son of the incoherent response for measurements performed with different fluence and different pump
photon energy.
mechanism. In fact, since the sample cannot be considered in a single domain state,
we cannot rule out the possibility that two different domains were accessed by the
probe.
We want to underline that the coherent contribution to the signal observed in some
traces in Fig. 3.17 cannot be interpreted in terms of photo-induced heating of the
spin systems. In fact this kind of processes can be discussed only if the longitudinal
components of the spin dynamics is probed, which is not our case since we detected the
transient Faraday rotation (see Chapter 4 for details). Moreover, if such a heat-related
feature affected somehow our data, it would always be present in the measurements
and it would scale with the fluence and the absorption. This does not clearly apply to
our investigation of KCoF3, as can be seen in Fig. 3.17: the incoherent background
feature appears only for a certain probe orientation, which suggests that it is related
to the magnetic anisotropy and, therefore, to the ratio of the domains.
To further investigate this phenomenon we performed measurements with 1.5 eV
pump pulses in conditions of high fluence (≈ 25 mJ/cm2).
The measurements performed for the two circular polarization states of the pump
beam and for linearly polarized pump are shown in Fig. 3.21. The probe beam was
linearly polarized along the z axis in all these measurements. The data have been
normalised following the previously explained procedure. The spin dynamics resulting
for linearly polarized pump consists of oscillations around the zero-line. If the pump
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beam is circularly polarized, regardless the helicity, the incoherent contribution ap-
pears again. In particular, comparing these results with the normalised data obtained
with 2.2 eV pump pulses and with Fig. 3.17, we note that different polarisation states
for different photon energies succeed in the excitation of this feature. In our opinion
this effect can be understood considering the spectral dependence of the distortion of
the pump polarization due to the magnetic linear birefringence. We suggest the fol-
lowing physical picture. A neutron scattering experiment [14] and several theoretical
works [4, 15] revealed the presence of a strong magnon-phonon coupling in KCoF3.
It has been verified [4, 15] that this coupling arises from the interaction between the
4T1 multiplet of the ground state of a Co
2+ ion and the T1g vibration mode of the
surrounding six F− ions. Although the coupling is maximum for values of the wave
vector q ≈ 0.5 (where the q=1 is the edge of the Brilluoin zone), it manifests itself also
in the zone center. The proof of such an effect consists in the observation of the 1.7
THz transversal acoustic phonon by means of spontaneous Raman spectroscopy [9].
Although the symmetry of this mode forbids any Raman activity, the magnon-phonon
mixing allows the observation of the 1.7 THz phonon in the Raman spectrum of the
material [15]. Therefore we tentatively ascribe the incoherent response to the excita-
tion of the crystal field transitions, which via phonon-magnon interaction can modify
the magneto-crystalline anisotropy. If the polarization state of the pump beam fulfils
the selection rules of the 4T1 transitions coupled to the phonon, a modification of the
magneto crystalline birefringence is photo-induced.
3.3.4 Phenomenological theory of the opto-magnetic effect
Relying on the approach introduced in section 1.3, we can try to describe the ex-
citation of the magnetic system in terms of the inverse Faraday effect (IFE) or the
inverse Cotton-Mouton effect (ICME). According to this approach, the interaction
between light and a magnetic material can be expressed in terms of a thermody-
namical potential Φ [11]. In this section we derive the expressions for the effective
fields representing the two aforementioned effects. Making use of these results, we
show that the spin dynamics in an antiferromagnet can be impulsively triggered by
a torque proportional to the temporal derivative of the effective field. This stems
clearly from the Lagrangian equations of motion of the antiferromagnetic vector.
Effective fields
Since in an antiferromagnet the magnetisation vanishes, the magnetic order is
described by another quantity: the antiferromagnetic vector. This is defined as L =
M1−M2, where |M1| = |M2| = M0 are the magnetizations of the two sublattices and
M0 is their saturation magnetization. Let us consider the case of circularly polarized
radiation, assuming that the light-matter interaction takes place in a non-dissipative
regime
Φ = χijkEiE
∗
jMk (3.5)
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where Ei,j are components of the electric field of light and χijk is a third rank axial
c tensor. Following these assumptions we can realise whether the IFE can be invoked
to describe our experiment. The magnetic ions in our sample are Co2+, which occupy
positions in the crystal with symmetry m3m above TN [6]. The small (≈ 0.2 %)
tetragonal distortion could in principle lower the symmetry, modifying the point group
into a subgroup of m3m [16]. To the best of our knowledge such an effect has not
been reported, therefore we consider the m3m point group. Applying the generating
matrices of the symmetry operations for this group [17], we found that the non-
vanishing components of χijk that can play a role in our experiment are χyzx =
−χzyx. Note that we cannot consider components of the tensor with x as i or j
index, since this would require a non-zero x-component of the electric field. However,
in our experimental geometry (see Fig. 3.3) the pump beam propagates along the
x-axis, so the projection of the electric field along this axis vanishes. Rewriting the
thermodynamical potential we obtain
Φ = χyzxEyE
∗
zMx + χzyxEzE
∗
yMx = χyzxEyE
∗
zMx − χyzxEzE∗yMx (3.6)
which reveals that the effective field generated by the third rank tensor is directed
along x, since it is defined as Heff = −∂Φ/∂M . Recalling that for circularly polarized
light |Ey| = |Ez| = E0 and EyE∗z = −EzE∗y , the effective field can be expressed as
HIFE = − ∂Φ
∂Mx
= −χyzxEyE∗z + χyzxEzE∗y = 2χyzxEzE∗y = 2χyzxE20 . (3.7)
The field of the IFE (HIFE) can thus play a role in KCoF3, since the tensor compo-
nents defining it are non-vanishing. This is consistent with the observation of coherent
magnons excited by a circularly polarized pump beam (see Fig. 3.12).
We can now extend our analysis to the next order terms in the energy, which
involve the fourth rank polar i tensors for the m3m group relevant in our experimental
geometry. Considering equal contributions from the three possible antiferromagnetic
domains, Φ is given by
Φ =αyyyyEyE
∗
yLyLy + αzzzzEzE
∗
zLzLz + αyyxxEyE
∗
yLxLx + αzzxxEzE
∗
zLxLx+
+αyyzzEyE
∗
yLzLz + αyzyzEyE
∗
zLyLz + αyzzyEyE
∗
zLzLy + αzzyyEzE
∗
zLyLy+
+αzyzyEzE
∗
yLzLy + αzyyzEzE
∗
yLyLz
(3.8)
Following the same approach used to derive HIFE , we can calculate the three com-
ponents of the effective field generated via the ICME, namely
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HxICME = −
∂Φ
∂Lx
=− αyyxxEyE∗yLx − αzzxxEzE∗zLx (3.9)
HyICME = −
∂Φ
∂Ly
=− αyyyyEyE∗yLy − αyzyzEyE∗zLz − αyzzyEyE∗zLz − αzzyyEzE∗zLy+
(3.10)
− αzyzyEzE∗yLz − αzyyzEzE∗yLz (3.11)
HzICME = −
∂Φ
∂Lz
=− αzzzzEzE∗zLz − αyyzzEyE∗yLz − αyzyzEyE∗zLy − αyzzyEyE∗zLy+
(3.12)
− αzyzyEzE∗yLy − αzyyzEzE∗yLy (3.13)
(3.14)
Given the symmetries of the m3m group [17] the following relationships among the
tensor components hold
αyyyy = αzzzz (3.15)
αyyxx = αzzxx = αyyzz = αyzyz = αyzzy = αzzyy = αzyzy = αzyyz (3.16)
Let us now consider some particular cases of pump polarization, making use of Eqs.
(3.15) and (3.16):
• Pump linearly polarized along the y-axis, i.e. E = Ey = E0 and Ez = 0.
Plugging this electric field in the equations defining the effective fields we obtain
HIFE = 0
HxICME = −αyyxxE2yLx = −αyyxxE20Lx
HyICME = −αyyyyE2yLy = −αyyyyE20Ly
HzICME = −αyyzzE2yLz = −αyyzzE20Lz
• Pump linearly polarized along the z-axis, i.e. E = Ez = E0 and Ey = 0.
HIFE = 0
HxICME = −αzzxxE2zLx = −αzzxxE20Lx
HyICME = −αzzyyE2zLy = −αzzyyE20Ly
HzICME = −αzzzzE2zLz = −αzzzzE20Lz
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• Pump linearly polarized 45◦ away from the axes, i.e. Ez = Ey = 1√2E0
HIFE = −χyzxE2y + χyzxE2y = 0 (3.17)
HxICME = −αyyxxE2yLx − αzzxxE2yLx = −2αyyxxE2yLx (3.18)
HyICME = −αyyyyE2yLy − 4αyzyzE2yLz − αzzyyE2yLy (3.19)
HzICME = −αzzzzE2yLz − 4αyzyzE2yLy − αyyzzE2yLz (3.20)
In each case the total effective field is obtained by summing the three cartesian com-
ponents. If the pump is oriented 45◦ away from the axes more terms contribute to the
effective field. This explains the well defined oscillations observed in this excitation
conditions, compared to the signal observed pumping along the crystal axes (see Fig.
3.18). While HIFE is a function of the dielectric tensor of the medium and of the
laser pulses parameters, the effective field of the ICME depends also on the antifer-
romagnetic vector. Therefore its direction and magnitude vary under the application
of an external magnetic field or stress. In fact these stimuli modify the ratio of the
antiferromagnetic domains [5].
Unfortunately, it is not possible to establish experimental conditions such that
only one of the two opto-magnetic effects takes place. Although we have an excellent
control on the properties of the light beams impinging on the sample, the magnetic
linear birefringence of KCoF3 distorts the polarization of the pump. This effect is
active also in the absence of a magnetic field, but it becomes stronger as the field
increases [5]. Moreover, in case of the measurements performed in high magnetic
field (section 3.3.2) a further modification of the light polarization originates from
the Faraday rotation experienced in the windows of the cryostat, which is on the
order of 0.5◦/ T for 1.5 eV radiation. Although this effect does not alter our data,
given the differential detection scheme, it strongly affects the polarization of the
pump beam. In any experiment we performed, the polarization state of light changes
during the propagation through the material, whose thickness is significant (≈ 560
µm). Detecting the signal transmitted by the sample, our apparatus is sensitive to
a response averaged throughout the whole medium. Therefore we conclude that the
spin dynamics was always triggered by a combination of the IFE and ICME.
Equations of motion
The effective fields generated by the laser pulses can excite spins in a totally
compensated antiferromagnet. Such dynamics can be described using the so-called
sigma model [18], which was formulated under the assumptions of no dissipations [19–
22]. We define the antiferromagnetic unit vector l = (M1 −M2)/2M0. We consider
the case in which the magnetizations of the two sublattices are aligned along the z-
direction with |M1| = |M2| = M0, being M0 the saturation magnetization for each
sublattice. Relying exclusively on symmetry considerations [19] it is possible to derive
the following Lagrangian
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L(l) = ~
2γHE
(
∂l
∂t
)2
−W(l)− ~
HE
[
Heff ·
(
l× ∂l
∂t
)]
(3.21)
where γ is the gyromagnetic ratio, HE is the exchange field, W(l) is the anisotropy
energy and Heff is the total effective magnetic field due to the IFE (in this argument we
neglect the contribution of the ICME). Since our experimental scheme is sensitive only
to the domains in plane, let us assume that L is parallel to the zˆ axis. Consequently
we consider the idealised case of single-axis magnetic anisotropy, which is expressed
by
W(l) = gµBHAl2z (3.22)
Introducing the frequency ω0 = γ
√
HAHE , we can straightforwardly derive the Euler-
Lagrange [23] equations of motion for each cartesian component of l
∂2ly
∂t2
+ ω20ly = −γ
dHeff
dt
(3.23)
∂2lz
∂t2
+ ω20lz = γ
dHeff
dt
(3.24)
where the Heff = |Heff | is the amplitude of the effective field in Eq. (3.7). In the
geometry shown in Fig. 3.3 the probe beam propagates almost parallel to the xˆ
axis. Thus, the electric field of the probe has a negligible projection on the xˆ axis,
forbidding us to probe lx. Thus we focus only on the other two components (Eqs.
(3.23) and (3.24)). A term must be added to describe the damping of the oscillations.
Since this process involves energy dissipations, the Lagrangian in Eq. (3.21) does not
contain such a term. We rewrite the equations of motion as
∂2ly
∂t2
+
1
τd
∂ly
∂t
+ ω20ly = −γ
dHeff
dt
(3.25)
∂2lz
∂t2
+
1
τd
∂lz
∂t
+ ω20lz = γ
dHeff
dt
(3.26)
where τd is a damping constant. First, we solved the homogeneous equations of Eq.
(3.25) and (3.26) which results in
lhy,z(t) = c
y,z
1 cos (ωt)e
−t/τd + cy,z2 sin (ωt)e
−t/τd (3.27)
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with ω =
√
4ω20 − (1/τd)2, while cy,z1 and cy,z2 can be determined from the initial
conditions. It is convenient to express the effective field in another way, namely
Heff = Hxe
−t2/2σ2 (3.28)
The effective field Heff is considered constant in amplitude through the sample and
its duration equals that of the laser pump pulses, i.e. ≈ 100 fs. These hypotheses are
natural consequences of the non-dissipative approximation, which is justified by the
low absorption of KCoF3 in the optical range. Thus we wrote in the previous equation
the effective field as a gaussian pulse with Full Width Half Maximum (FWHM) equals
to the duration of our laser pulses (≈ 100 fs).
The solution of the general equations of motion can be found by applying the
method of the variation of constants. We look for a solution of the form
ly,z(t) = c
y,z
1 (t) cos (ωt)e
−t/τd + cy,z2 (t) sin (ωt)e
−t/τd = l˜y,z(t)e−t/τd (3.29)
The derivative of the functions cy,z1 (t) and c
y,z
2 (t) can be calculated. For the y com-
ponent we get
dcy1(t)
dt
=
sin (ωt)(−Hx)γ(t/σ2)e−t2/2σ2
ωe−t/τd
(3.30)
dcy2(t)
dt
=
− cos (ωt)(−Hx)γ(t/σ2)e−t2/2σ2
ωe−t/τd
(3.31)
For the z component we obtain
dcz1(t)
dt
=
− sin (ωt)Hxγ(−t/σ2)e−t2/2σ2
ωe−t/τd
(3.32)
dcz2(t)
dt
=
cos (ωt)Hxγ(−t/σ2)e−t2/2σ2
ωe−t/τd
(3.33)
These four differential equations can be easily integrated numerically in order to
calculate the dynamics of the y and z components of the unit vector l. The antifer-
romagnetic vector is then simply expressed by
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L(t) = Cyly(t) + Czlz(t) (3.34)
where Cy and Cz are the amplitude of the two components. This theoretical frame-
work shows that the light-matter interaction described in terms of the IFE gives rise
to an impulsive excitation of the spin dynamics in an antiferromagnet. If the ICME
was taken into account, it would modify the magnetic anisotropy [24]. While the
solution of the equations of motion would become far more complicated, no relevant
additional physical insight would be achieved in this phenomenological picture.
3.4 Conclusion
The experimental study of the ultrafast spin dynamics in KCoF3 confirmed that
coherent magnons can be excite via ISRS in antiferromagnets in the THz regime. Our
results show that the light-induced oscillations corresponding to a 1◦ spin deviation are
affected by the application of a magnetic field in a non trivial way. This behaviour is
due to the particular response of the domain structure of KCoF3 to the field. Contrary
to previous investigations [1], the data in Fig. 3.14 demonstrate that the effect of the
field on the domains is not reversible, as it is also verified by the presence of an
hysteresis (see Fig. 3.2). From the experimental evidences we also conclude that
the resonant excitation of a spin-forbidden transition does not amplify the magnonic
signal, but it is actually in competition with the ISRS process.
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Chapter4
Controlling coherent and incoherent
spin dynamics by steering the
photo-induced heat flow1
We present a femtosecond spectroscopic investigation of the ultrafast magneto-optical
dynamics of the antiferromagnetic dielectric KNiF3. The possibility to excite and
monitor coherent and incoherent spin dynamics is demonstrated by the pump-probe
measurements performed as a function of temperature. The pathways of the photoin-
duced energy flow to the spins were controlled by tuning the pump photon-energy. In
particular, we demonstrate that laser pulses, with photon energy tuned to a nearly-
zero-absorption region, excite the spin system without any signatures of heating of
electrons and phonons. In this regime the ultrafast excitation of coherent spin waves
is followed by a gradual increase of the spin temperature solely due to decoherence of
the laser-generated magnons, as revealed by our simultaneous measurement of both
the transversal and the longitudinal component of the spin dynamics.
4.1 Introduction
The research field of the ultrafast control of spins in antiferromagnets is rapidly de-
veloping, given the interest in these material for spintronics applications. It has been
demonstrated that the antiferromagnetic resonance can be coherently and impulsively
triggered by means of 100 fs laser pulses [1–3]. The excitation mechanism is impulsive
stimulated Raman scattering (ISRS), which is believed to be intrinsically inefficient
because of the unavoidable release of energy to electrons and phonons [4]. The heating
of electrons and phonons by laser radiation is a direct consequence of the absorption of
1In part adapted from: D. Bossini, A.M. Kalashnikova, R.V. Pisarev, Th. Rasing and A. V.
Kimel. Phys. Rev. B 89(R), 060405 (2014).
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Figure 4.1: Absorption Spectrum of KNiF3 at room temperature. The transitions corre-
sponding to the absorption bands and the ground state 3A2g are identified. Note the nearly-zero-
absorption region in the range 2-2.4 eV. The photon energies used in the experiment are shown.
light in the material. This process heavily dominates the photoinduced spin dynamics
in metals [5–7]. In contrast, in magnetic dielectrics, absorption is much lower, which
allows the excitation of spin systems via ISRS by near-infrared laser pulses. How-
ever, each successful demonstration of the ultrafast generation of coherent magnons
via ISRS has been realised in magnetic oxides [1, 3, 8, 9], in which absorption is not
negligible in most of this spectral range. This has led to the fundamental questions:
How does optical absorption affect the ultrafast laser-induced spin dynamics? Can
femtosecond optical laser pulses generate magnetic excitations in the absence of any
absorption? If this is the case, which spin dynamics could be observed in this regime?
4.2 Sample and experimental geometry
The dielectric antiferromagnet KNiF3 is an excellent candidate to address the afore-
mentioned issues. It is characterised by a region of nearly zero absorption in the optical
range, as shown in Fig. 4.1. The spectral range analysed in this figure is not broad
enough to reveal the charge transfer transition, since the band gap is higher than 6 eV
(Eg ≈ 6.2 eV [10, 11]). This value distinguishes this material from 3d transition-metal
magnetic oxides, whose energy gap is typically Eg ≈ 3−4 eV [12, 13]. All the absorp-
tion bands in the spectrum are due to relatively weak phonon-assisted localized d− d
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Figure 4.2: Geometry of the experiment. Our pump-probe experiments were performed in
the transmission geometry. We measured the variations in the ellipticity of the probe polarization,
due to the magnetic linear birefringence.
transitions [10, 14]. Of interest for our purpose, in the 1.5-3 eV range these features
alternate with a transparency window around 2 eV, where the absorption coefficient
is nearly zero. The spectrum in Fig. 4.1 was measured at room temperature. The
position and the relative strength of all the bands do not change at liquid Helium
temperature [10].
KNiF3 has a perovskite type crystal structure (point group m3m) [15]. Two equiv-
alent Ni2+ sublattices are antiferromagnetically coupled below the Neel temperature
TN = 246 K [16]. This material is known as a Heisenberg antiferromagnet because of
its very weak cubic magnetic anisotropy.
Our pump-probe experiment was performed in the transmission geometry shown
in Fig. 4.2. The sample was placed in a flow cryostat, in which our specimen could be
cooled down to 10 K. All the data shown in this chapter were obtained by detecting
modifications of the ellipticity of the probe polarization. As we will show in section
4.4.1, the magneto-optical effect probed to monitor the spin dynamics was magnetic
linear birefringence (see section 4.3).
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Figure 4.3: Transient magnetic linear birefringence. The action of light expressed in terms
of an effective field (Heff ) is shown. The subsequent dynamics of the two magnetic sublattices is
also reported, for different delay times (transparent arrows and full arrows). The two components
of the antiferromagnetic vector which defines the transient MLB in (Eq. 4.2) are present as well.
4.3 Magnetic Linear Birefringence
In our experiment we measured changes in the ellipticity of the probe polarization,
employing a transmission geometry (see Fig. 4.2) as reported in the previous section.
This signal can originate from two different magneto-optical effect: magnetic circu-
lar dichroism and magnetic linear birefringence (MLB). An investigation of the probe
polarization dependence of the signal allows to discern which one of the two aforemen-
tioned mechanism is the source of the magneto-optical activity of the medium. Let us
here discuss the magnetic linear birefringence in an antiferromagnet. In this class of
materials the magnetic structure is described in terms of the antiferromagnetic vector,
defined as L = M1 −M2, where |M1| = |M2| = M0 are the magnetisations of the
two sublattices and M0 is their saturation magnetisation. The MLB is the difference
in the refractive indices experienced by light polarized along and perpendicularly to
the direction of L. This magneto-optical effect is a quadratic function of the spin,
being described by the symmetric part of the dielectric permittivity tensor [17, 18]

(S)
ij = 
(S)
ji . Thus, considering an Heisenberg antiferromagnet with spins aligned along
the z direction (see Fig. 4.3), MLB is given by
MLB ∝ LyLz + L2z (4.1)
which are the possible quadratic configurations of the components of L. Note that if
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the magnetic system is in equilibrium (i.e. spins lie parallel to the z-direction) the first
term is zero, since Ly = 0. In a pump-probe experiment the detection is differential:
the measured signal shows the difference in the properties of the sample between the
state photo-excited by the pump pulses and the unperturbed state. Consequently in
our case we probe the transient MLB, which can be expressed as
∆MLB ∝ ∆LyLz + ∆LzLz. (4.2)
Both of these terms give a non vanishing contribution if spin precession is photo-
excited (see Fig. 4.3). A direct consequence is that measuring transient MLB allows
us to simultaneously detect both the transversal and the longitudinal dynamics of
L, expressed by the two terms of Eq. (4.2). In contrast, in earlier investigations
of laser-induced spin dynamics in compensated antiferromagnets [3, 4, 19], the tran-
sient magneto-optical Faraday rotation was measured. Since in the ground state the
magnetisation is zero, the Faraday rotation vanishes. In the nonequilibrium state a
transient net magnetic moment appears [20], namely
∆M ∝ L× ∂L/∂t. (4.3)
Therefore the transient Faraday rotation gives access to the transversal but not to the
longitudinal spin dynamics. In fact, in the latter case the cross product in Eq. (4.3)
gives zero. The transversal component describes the precessional part of the spin
dynamics, while the longitudinal component expresses heating processes resulting in
a decrease of the z component of M1,2 and therefore of L.
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Figure 4.4: Normalised variation of the probe polarization as function of the pump-
probe delay. The photon energy of the excitation pulses was tuned to 1.5 eV, while the energy
distribution of the probe pulses was centred around the 1.9 eV value. We set the fluence of the pump
to approximately 12 mJ/cm2. The data are normalized for the sake of comparison with the results
obtained with other pump photon energies. The fit to the data was performed with the function
reported in Eq. (4.4). From this equation it is straightforward to observe that the increase of the
incoherent background is characterised by the parameter B. In the inset we report the temperature
dependence of this incoherent dynamics, measured with pump and probe photon energies set to 1.5
eV. The dashed line is a guide to the eye.
4.4 Results and Discussion
In this section we report and interpret our experimental results. First, we show the
dynamics observed at low temperature when the material is excited by 1.55 eV laser
pump pulses. A complete characterisation of the probing mechanism and a physical
picture of the photo-induced phenomena is provided (section 4.4.1). Second, the
results of the spectral dependence of the ultrafast spin dynamics is reported. This
experiment shone light on the pathways of the energy transfer processes from light
to the material (sections 4.4.1 and 4.4.2). Then we report the dependence of the
magneto-optical sub picosecond response of KNiF3 on the pump polarization (section
4.4.3) and on the temperature (section 4.4.4).
4.4.1 Characterization of the magneto-optical response
The measurements presented here have all been performed at 10 K and in the ab-
sence of an external magnetic field. The modification of the ellipticity of the probe
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Figure 4.5: Dependence of the magneto-optical signal on the polarization of the probe.
The photon energies of the circularly polarized pump and linearly polarized probe beam were tuned
to 1.5 eV. We set the fluence of the pump to ≈ 11 mJ/cm2. The dependence of the signal on the
probe polarization reveals that MLB was measured.
polarization is measured in degrees, since it has to be converted into rotation in order
to be observed in the balance detection scheme (see section 2.3.2). We measured the
ultrafast magneto-optical response of KNiF3 triggered by circularly polarized pump
pulses resonant with the 1.5 eV absorption band (see Fig. 4.1). Oscillations at the
frequency of ν ≈ 90 GHz are visible in the first 80 ps superimposed on a slowly varying
background described by the parameter B (see Fig. 4.4).
As previously mentioned, modifications of the ellipticity of the probe polarization
can arise in our experimental geometry from different magneto-optical effects. The
conventional approach, to identify the effect responsible for the observed dynamics,
involves the measurements of the magneto-optical signal as a function of the probe
polarization. The result of this experiment (see Fig. 4.5) reveals that the oscillations
and the background feature change sign, when the polarization of the probe beam is
rotated by 90◦. Therefore we conclude that MLB was measured in our experiments.
The temperature (section 4.4.4) and the pump polarization (section 4.4.3) de-
pendences of the oscillatory dynamics allow us to ascribe it to the antiferromagnetic
mode of coherent spin precession, resulting in the transversal dynamics of L triggered
via impulsive stimulated Raman scattering (ISRS). The data were fitted using the
following function
f(t) = θ(t)[A sin (2piνt)e(−t/τd) +B(1− e(−t/τr))] (4.4)
where θ(t) is the Heaviside function. The first and second terms in Eq. (4.4) describe
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Figure 4.6: Energy transfer processes. The diagram shows the energy flow to the spin system
in the case of excitation resonant with an absorption band.
the transversal and longitudinal dynamics of L, respectively. The value of the fre-
quency ν was taken from the Fourier transform of the data. The decoherence and
characteristic rise time (τd and τr) and the amplitudes (A and B) were fitting pa-
rameters. The inset of Fig. 4.4 shows the temperature dependence of the parameter
B. The signal disappears approaching TN , confirming its magnetic character. Since
we probe MLB, we expect to be sensitive to both the components of the spin dy-
namics. From this we conclude that the increasing incoherent response represents the
longitudinal dynamics of L.
The diagram shown in Fig. 4.6 demonstrates the laser-induced processes resulting
into the observed spin dynamics. While a part of the intensity of the pump beam
participates in the generation of the coherent magnons via ISRS, another part of the
intensity is absorbed, leading to a population of the upper localised 3d band. These
excited electrons relax on a timescale shorter than 1 ps via nonradiative processes,
governed by electron-phonon coupling. As the temperature of the phonons Tph in-
creases, the excess energy is exchanged with the spin system on the 100 ps time scale
due to magnon-phonon coupling, resulting in an increase of the magnon temperature
TM . The longitudinal incoherent dynamics is pump polarization independent (see sec-
tion 4.4.3), supporting our conclusion that it is caused by the energy flow (heating)
to the magnetic system.
4.4.2 Spectral dependence
Aiming at revealing how the absorption affects the photo-induced spin dynamics, we
performed measurements tuning the pump photon energy to 3.0 and 1.9 eV (see Fig.
4.7). A quantitative comparison with these results with the pump-probe trace in Fig.
4.4 requires all the data to be normalised on the incoming fluence. Following this
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different, since the value of B for the 2.2 eV photon energy vanishes significantly faster than in the
case of the 1.5 eV stimulus. The data are normalized on the pump fluence. The error bars take into
account the standard deviation of the fit. The orange curve is a plot of the T−3 law.
approach it is possible to isolate the contribution of the different dissipations due to
different values of the absorption coefficient. We fitted the data in Fig. 4.7 using
Eq. (4.4) and we plot the fit parameters in Fig. 4.8(a) and 4.8(b) as a function of
the absorption coefficient. It is important to note that B gradually increases with
absorption in the range above α ≈ 14 cm−1. We note that the decoherence time
τd varies as a function of the absorption coefficient. We ascribe this behaviour to
the profile of the excitation inside the material. The stronger the optical absorption
experienced by the pump beam, the more inhomogeneous the excitation profile is.
Consequently the magnon spectral line is inhomogeneosly broadened, resulting in a
different decoherence time of the oscillations. Moreover, Fig. 4.8(b) shows that τr
decreases as the absorption increases.
The above described trends of both B and τr break if we turn the light-matter in-
teraction into the nearly-zero-absorption regime α ≈ 0. Figure 4.9 shows that setting
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Figure 4.10: Energy transfer processes in the nearly-zero-absorption regime. The
diagram shows the energy flow to the spin system in the case of excitation energy tuned to 2.2 eV,
in the transparency window.
the energy of the pump photons to 2.2 eV induces a dramatic change in the incoherent
response, while the amplitude of the oscillations is barely affected. The longitudinal
laser-induced dynamics does not completely vanish despite the nearly-zero absorption.
Remarkably, the best fit to the data is obtained for τr ≈ τd. Such a consistency for
the characteristic times (see Fig. 4.8(b)) sharply distinguishes the dynamics excited
in nearly-zero-absorption conditions from the results obtained with other excitation
energies. This suggests that the mechanisms dominating the longitudinal dynamics
of L in these two regimes are different.
Let us consider the laser-induced processes occurring when the medium is trans-
parent for the pump pulses, as shown in Fig. 4.10. Since no real electronic transitions
are excited, the energy deposited by the pump laser pulses into the medium is entirely
stored in the magnetic ensemble, via ISRS. The laser-generated coherent magnons
scatter with a characteristic time τd ≈ 40 ps, bringing the ensemble of these quasi-
particles to decoherence. As a result, the spin temperature increases, traced by the
longitudinal dynamics of the antiferromagnetic vector, with the very same characteris-
tic time τd = τr ≈ 40 ps. This equality proves that, by tuning the energy of the pump
photons to the nearly-zero-absorption spectral range, we achieved a regime in which
the light-induced spin dynamics does not reveal any signatures of heated electrons
or phonons, as if a selective excitation of spins only occurred. Even better, we can
formulate a criterion allowing one to determine whether traces of optical absorption
are present in the spin dynamics. This condition, which we call the zero-absorption
criterion, is simply τd = τr.
Seeking further confirmation of this idea, we measured the temperature depen-
dence of the longitudinal dynamics excited by pump pulses with central photon en-
ergies of 1.5 and 2.2 eV. A variation of the spin temperature ∆TM per unit volume is
determined by the magnetic specific heat through the relation W = Cm∆TM, where
W is the energy delivered by the laser pulses to the spins via ISRS. The specific heat
of an Heisenberg antiferromagnet follows, in the first approximation, the Cm ∝ T 3
law [21], and consequently ∆TM ∝ T−3. We plot this trend in the inset of Fig. 4.9
next to our temperature dependent experimental results. Let us underline that a fit
to the nearly-zero-absorption regime data is not possible, given the low amount of
76Controlling coherent and incoherent spin dynamics by steering the photo-induced heat flow
statistically significant data points. The plot of the T−3 law is aimed at a qualita-
tive comparison, which provides a further confirmation of the different nature of the
two regimes. The consistency between the plotted curve and the data obtained by
pumping the material in the transparency window supports our interpretation. In
this regime the heating of the spin system is uniquely due to the decoherence of the
light-induced ensemble of coherent magnons.
Finally, we would like to note that an energy efficient ultrafast spin excitation
has been believed to be accessible exclusively employing picosecond THz pulses [4].
Our results demonstrate that a proper choice of the photon energy allows for the
achievement of a spin dynamics regime determined by a light-magnon interaction
and subsequent relaxation, while phonons and electrons are not excited by light at
all. We can draw this conclusion because, contrary to Refs. [3, 4, 19], we monitored
simultaneously both the transversal and the longitudinal spin dynamics by measuring
variations of the MLB. Given the non-resonant nature of the coupling between light
and spins in the ISRS process, the frequency range of the excitations accessible with
this technique is intrinsically much broader. In our experimental setup (pump photon
energy: 2.2 eV ) the excitation range amounts to 0-14 THz, which becomes 0-28 THz
when the energy of the pump is tuned to 1.5 eV. An experimental proof of the much
wider excitation range is provided in chapter 6, where a 22 THz mode is triggered via
ISRS.
4.4.3 Pump Polarization Dependence
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Figure 4.11: Helicity dependence. The two traces represent dynamics of the antiferromagnetic
vector triggered by right and left circularly polarized pump pulses. The pump and probe photon
energies were 1.9 eV and 1.5 eV, respectively. We set the fluence to ≈ 5.5 mJ/cm2.
In this section we describe the effect of the pump polarization on the transversal
and longitudinal spin dynamics. The magneto-optical responses triggered by left and
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Figure 4.12: Pump polarization dependence of the ultrafast spin dynamics. Changes in
the ellipticity of the probe polarization excited by linearly polarized pump pulses. The measurements
were performed tuning the pump photon energy to 1.9 eV and the fluence was set to ≈ 6 mJ/cm2.
right-handed circularly polarized pump pulses are shown Fig. 4.11. The initial phase
of the oscillations changes by pi when the helicity of the pump pulses is reversed. This
confirms the ISRS excitation of the magnon mode [1, 2]. The longitudinal dynamics
is, in contrast, polarization independent. This is in agreement with the suggested
model, according to which this component of the signal is due to the heating of the
spin system.
So far we have presented and discussed spin dynamics triggered by circularly
polarized laser pulses. However, even linearly polarized radiation is able to trigger
coherent and incoherent dynamics of L, as it is shown in Fig. 4.12. The amplitude of
the ≈ 90 GHz oscillations depends on the polarization direction of the pump beam.
Also in the case of a linearly polarised pump beam, a difference of pi in the phase of the
oscillations is observed in correspondence of two orthogonal polarization states of the
photo-excitation. The evidence shown in Fig. 4.12 correlates with the observations
reported in chapter 3. Since KNiF3 and KCoF3 belong to the same point group
and they have a very similar magnetic structure [22], analogous selection rules of the
Raman tensor are expected.
4.4.4 Temperature dependence
In order to confirm the magnetic origin of the oscillatory and the exponentially in-
creasing contributions to the signal, we studied the laser-induced transient ellipticity
of the probe as a function of temperature.
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Figure 4.13: Laser-induced dynamics measured for various temperatures. The photon
energy of the pump was tuned to 2.2 eV while the photon energy of the probe was 1.5 eV. We set
the fluence to 14.5 mJ/cm2.
Figure 4.13 shows the changes of the probe ellipticity induced by a circularly
polarized pump with central photon energy of 2.2 eV. The frequency of the oscillations
and the lifetime decrease as the temperature increases, as it is typical for the one-
magnon mode [23]. In Fig. 4.14 we plotted the normalized frequencies ν(T )/ν0(T =
10 K) from the Fourier transform of the data together with the normalized frequencies
from an earlier experiment of Brillouin scattering from a one-magnon mode [24] (Fig.
4.14).
The trend exhibited by our data is in excellent agreement with the Brillouin scat-
tering results. Thus we draw the conclusion that the antiferromagnetic resonance was
excited and detected in our experiment.
Remarkably, we were able to probe laser-induced coherent magnons up to 215 K,
only 30 K away from the critical point (TN = 246 K) (see Fig. 4.13). We note that
in all the other materials, where coherent magnon generation via ISRS was reported
[1], the laser-induced magnon mode was observable only at temperatures much lower
than the Neel point [2]. The successful observation of AFMR oscillations close to TN
is possible also thanks to the high sensitivity of our setup, able to detect rotations of
polarization on the µdeg scale.
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Figure 4.14: Temperature dependence of the magnon frequency. The observed trend (blue
dots) is consistent with the one-magnon Brillouin scattering data (black dots). This confirms that
the oscillations originate from the laser-induced antiferromagnetic resonance mode. The difference
in the absolute values of the frequency is due to the role played by internal and external stresses on
the spin system of KNiF3 [24, 25].
4.5 Conclusion
Our investigation of KNiF3 discloses a regime of ultrafast spin dynamics in antifer-
romagnets in which no traces of heated electrons or phonons are present. This work
demonstrates the possibility to steer the energy flow to coherent and incoherent mag-
netic excitations by choosing the wavelength of the pump beam. This observation
is possible only by measuring both the transversal and the longitudinal dynamics of
the antiferromagnetic vector. The most significant outcome of our experiment is the
formulation of the zero-absorption criterion, which allows one to determine whether
spin dynamics reveals any traces of optical absorption. The discovery of this regime
indicates the proper experimental conditions to investigate solely the spin response of
a magnetic material. Our findings are of fundamental importance for the development
of the experimental concept reported in chapter 6.
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Chapter5
Towards a probe of the ultrafast
photo-induced dynamics of the
exchange energy in an Heisenberg
antiferromagnet1
The manipulation of the macroscopic phases of solids by means of ultrashort light
pulses has resulted in spectacular phenomena, like laser-induced metal to insulator
transition [1, 2], superconductivity [3] and sub-picosecond modification of the mag-
netic order [4]. The comprehension and the development of this research area strongly
depend on the understanding of the optical control of fundamental interactions in
condensed matter. In particular, it is theoretically suggested that the electric field
of a light pulse can modify the exchange interaction (J) between spins in solid state
compounds [5, 6]. However, an experimental scheme sensitive exclusively to the fem-
tosecond dynamics of J in a broad class of materials, including dielectrics, has not
been developed yet. In this chapter we present an approach to this problem employ-
ing the femtosecond stimulated Raman scattering (FSRS) technique. We describe
our attempt to measure the dynamics of the magnons at the edge of the Brillouin
zone in the dielectric antiferromagnet KNiF3. Here, unlike in the zone center region,
the magnetic dispersion is dominated by the exchange interaction [7] (see Eq. (1.25)
and (1.26)). Snapshots of the Raman spectrum subsequent the femtosecond photo-
excitation were measured. Nevertheless we could not ascribe the detected signal to
a light induced modification of the exchange interaction only, due to the higher or-
der nonlinear optical processes occurring in an FSRS experiment on the time scale
1This work was performed in collaboration with and at the group led by T. Scopigno from
University ”La Sapienza” in Roma, Italy. This chapter is in part adapted from : G. Batignani,
D. Bossini, N. Di Plo, C. Ferrante, E. Pontecorvo, G. Cerullo, A.V. Kimel, T. Scopigno (submitted).
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relevant in our case.
5.1 Introduction
In the framework of the Heisenberg model of an antiferromagnet, the exchange energy
which couples spins is described by the following expectation value
〈Hˆ〉 = Eex = 1
2
∑
a 6=b
Jab〈Sˆa · Sˆb〉 (5.1)
where Eex is the exchange energy, Jab is the exchange interaction and the last term
is the correlation function between spins on the sites a and b. An attempt to access
the dynamics of the d-f exchange splitting in metals was done via photoemission
spectroscopy [8, 9]. However, in these materials ultrafast laser excitation triggers
sub-picosecond electronic dynamics and demagnetization [10, 11], which affects the
spin correlation function. Since the dynamics of J is defined by the dynamics of
electrons [12], the femtosecond response of the exchange energy in metals to a laser
pulse can originate from variations of both J and the spin correlation functions, as it is
clearly seen in Eq. (5.1). Therefore an experimental method restricted to metals will
hardly allow to disentangle the two contributions shown in Eq. (5.1). On the other
hand, in dielectrics the scenario is different. In a non-dissipative regime of light-matter
interaction the response of the charges is limited to the duration of the femtosecond
stimulus, while the spin dynamics is defined by the magnon spectrum only and can
reach the picosecond time scale [13]. In the same regime (non dissipative light-matter
interaction) a non vanishing effect of the electric field of light on J is predicted by
recent theoretical developments [5, 6]. Let us remind that the exchange interaction
dominates the dispersion at the edges of the Brillouin zone [7]. Therefore we aim at
establishing an approach which allows us to excite and monitor the ultrafast dynamics
of high-wavevector (k) magnons even within the duration of the laser pulses, in a wide
class of dielectric magnetic materials. Although usually optical schemes address the
center of the Brillouin zone [4, 13–15], it is possible to access high-k magnons with light
relying on the two-magnon mode (see section 1.2.3) via the Raman effect. Therefore
we want to observe the ultrafast dynamics of the Raman spectrum subsequent a
photo-excitation, by employing the novel experimental technique called femtosecond
stimulated Raman scattering (FSRS) already introduced in section 2.4.
5.2 Two-magnon mode in KNiF3
The physical mechanism giving rise to the spectral feature known as two-magnon
mode is described in section 1.2.3. Here we would like to report the investigation of
such mode by means of spontaneous Raman spectroscopy in KNiF3 [7, 16, 19]. In
this material the Raman spectrum is dominated by the two-magnon mode, which is
clearly visible in Fig. 5.1. Although in principle any couple of magnons fulfilling
the wave vector conservation can contribute to the two-magnon process, the observed
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Figure 5.1: Two-magnon mode in KNiF3. When the magnon-magnon interactions are ne-
glected, the calculated spectral profile (dashed line) is centred around an energy value higher than
the experimental one. The high energy profile of the line-shape is dramatically different. Taking into
account the interactions (heavy solid line with circles) the predictions of the theory are in excellent
agreement with the data. This figure is taken from reference [16].
Raman shift can be explained only by considering spin excitations at the edges of the
Brillouin zone. The line shape of the mode reveals another fundamental aspect of this
process: the two photo-generated magnons are interacting. The dashed line shown
in Fig. 5.1 is the result of a calculation of the two-magnon line shape neglecting
any interactions among the magnons. The energy of the peak overestimates the
experimentally observed shift by an amount equal to 10% of the shift itself. More
remarkably, the high energy part of the line profile is totally different. The data
show a very peculiar structure with a pronounced shoulder, while the spectral range
covered by the calculated distribution is terminated at the peak value. From this
comparison we can draw two important conclusions concerning the role of magnon-
magnon interaction in the two-magnon scattering process in KNiF3:
• the magnon-magnon interaction renormalises the energy of the mode by 10% of
the Raman shift;
• the magnon-magnon interaction defines the profile of the high-energy side of the
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Figure 5.2: Schematics of the experimental configuration. The picosecond Raman pump
pulse (RP) and the ultrashort continuum pulse (Probe) give rise to the stimulated Raman scattering
(SRS). The actinic pump (AP) is delayed respect to the other two pulses and it excites the medium
far from the ground state. The spectrum of the probe is measured at different delays from the photo-
excitation. The stimulated Raman mode is observed as a a gain (or a loss) of the probe spectral
component corresponding to the Raman shift.
two-magnon peak.
Note that, taking into account the interactions, we obtain an excellent agreement
between the calculations and the experimental data (see Fig. 5.1). The two magnon
mode was revealed to be isotropic, since any polarization configuration employed in
a spontaneous Raman approach [16] resulted in the same spectrum.
5.3 Experimental
The experiments were performed in the laboratories of University ”La Sapienza” of
Rome (Italy). A detailed description of the setup can be found in the literature [17,
18], while in this section we report the experimental scheme and the main parameters.
In Fig. 5.2 the geometry of the FSRS experiment is shown. The picosecond Raman
pump (RP) and the probe give rise to the stimulated Raman scattering (SRS) process,
which triggers the two magnon mode. The former beam has a 2.5 eV photon energy
and 10 cm−1 bandwidth, which corresponds to 4 ps duration (FWHM). The fluence
of this beam was set to 5 mJ/cm2. The femtosecond probe is a white-light continuum
on top of which the Raman modes arise as gain or loss features (see Fig. 5.2). After
the interaction with the sample the probe beam is dispersed in the spectrometer and
detected by a CCD camera. The normalised Raman gain is thus defined as
Normalized Raman Gain =
ProbeRPon
ProbeRPoff
(5.2)
5.4 Results 87
N
o
rm
a
li
z
e
d
 R
a
m
a
n
 G
a
in
400 600 800 1000 1200 1400 1600 1800 2000
0.998
0.999
1
1.001
1.002
1.003
1.004
1.005
1.006
Raman Shift (cm
−1
)
T = 77 K
Figure 5.3: Stimulated Raman Spectrum of KNiF3 at 77K. The Raman pump and the
probe are linearly polarized along the same direction. The baseline is due to the transient absorption
induced by the Raman pump beam. The central photon energy of the Raman pump is 2.5 eV, while
the spectrum of the supercontinuum probe spans over the 1.1 eV - 3 eV range. The normalised
Raman Gain is defined by Eq. (5.2).
The dynamics of the Raman spectrum is triggered by a 60 fs actinic pump (AP)
pulse, which is delayed from the other two pulses. The central photon energy of the
actinic beam was tuned to the value of 1.9 eV. The fluence was varied in the range
of tens of mJ/cm2. All the pulses are linearly polarized in most of our experiments,
the electric fields of the probe and of the Raman pump must always be parallel. This
condition is necessary for the excitation of the two-magnon mode in KNiF3, since it
is described by the symmetric (main diagonal) components of the Raman tensor [16].
Several different polarization states, even circular, of the actinic pump where used.
Our sample was a 340 µm thick single crystal of KNiF3, which was cooled down
by liquid nitrogen in a cryostat. As explained in the previous section, spontaneous
Raman two-magnon light scattering in this compound was investigated experimentally
[7, 16] and a complete ab-initio theoretical framework was developed [19]. Figure 5.3
displays an example of Raman spectrum measured in the SRS approach by using the
scheme shown in Fig. 5.2.
5.4 Results
In this section our spectroscopic investigation of the two-magnon mode in KNiF3 is
reported. We describe first (see section 5.4.1) the stimulated Raman scattering mea-
surements performed as a function of the temperature, which allowed us to identify
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Figure 5.4: Stimulated Raman Spectroscopy as a function of the temperature. (a) The
dependence of the Raman shift on the temperature measured via stimulated Raman scattering is
in excellent agreement with the data obtained with spontaneous Raman scattering. Therefore we
identify the detected signal as the two-magnon mode. The error bars account for the half width at
half maximum of the two magnon frequency distribution at each temperature. (b) We report the
stimulated and the spontaneous (the latter in arbitrary units) Raman spectrum measured at 77 K,
which reveal the typical and peculiar line shape of the two-magnon excitation (see Fig. 5.1).
the spectral line observed as the two-magnon mode. A comparison with spontaneous
Raman spectroscopy is also made. In section 5.4.2 our attempt to investigate the
dynamics of the Raman spectrum is presented, including the study of the dependence
of the signal on the actinic pump fluence and polarization.
5.4.1 Equilibrium Raman spectroscopy
First, we performed a stimulated Raman scattering spectroscopy experiment (i.e.
only Raman pump and probe) to verify that this approach is sensitive to the two-
magnon mode. We correctly measured an excitation at the proper energy of this
magnetic feature [16] on the lower energies side of the Raman pump photon energy,
thus we measured the Raman gain (see Fig. 5.3). We tracked the evolution of this
magnetic excitation as a function of the temperature. The shift of the Raman peak
was estimated by a fit to the data (see section 5.5) and plotted in Fig. 5.4(a). We
report on this graph also the spectrum measured via spontaneous Raman scattering
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on the very same specimen2. The trend shown in Fig. 5.4(a) is in excellent agreement
with the spontaneous Raman data and with the literature [16]. This evidence leaves no
doubt about the two-magnon nature of the observed mode. Moreover, in Fig. 5.4(b)
we plot the Raman gain measured via SRS and the spontaneous Raman spectrum of
KNiF3 on each other. It is clear that the consistency is not limited to the Raman
shift, but also to the bandwidth and to the line shape as well. In particular, the
high-energy shoulder due to magnon-magnon interaction is visible in both curves.
5.4.2 Femtosecond stimulated Raman spectroscopy measurements
In this section we report the measurements of the ultrafast dynamics of the Raman
spectrum performed with the FSRS technique. The differential photo-induced modi-
fication of the Raman shift is plotted in Fig. 5.5(a) in terms of the following quantity
∆Shift
Shift
(τ) =
Shift(τ)APon − ShiftAPoff
ShiftAPoff
(5.3)
where τ is the delay between actinic pump and the other two pulses, while ShiftAPon(off)
is the Raman shift in the presence(absence) of the actinic pump. Surprisingly the
peak seems to shift at both positive and negative delay times, although in differ-
ent directions. The shift relaxes to its unperturbed value in less than 200 fs after
the photo-excitation. The Raman spectrum moves towards lower(higher) energies at
negative(positive) delays. Moreover, we note that the variation of the peak position
is enhanced in correspondence to the temporal superposition of actinic pump and
probe, which is also plotted in Fig. 5.5(a). We could directly measure this quantity
in a pump-probe geometry including only the actinic pump and the probe. In the
optical path of the probe after the sample we inserted a polariser rotated to such an
angle to achieve extinction. Delaying the actinic pump we search for the condition of
temporal superposition of actinic pump and probe, which is expressed by the rotation
of the probe polarization due to the optical Kerr effect. The signal obtained in this
configuration is not vanishing only during the superposition of the electric fields of
the actinic pump and the probe. In particular, relying on the spectrally resolved
detection, we can isolate the component of the probe on top of which the Raman gain
of interest for our experiment appears. Therefore we obtain a neat estimation of the
duration of the overlap between actinic pump and probe. The maximum modification
of the Raman shift, which occurs in correspondence of the maximum overlap of the
actinic pump and probe, amounts to ∼ 2% of the Raman shift in the absence of the
actinic stimulus.
The measurements performed as a function of the actinic pump fluence (see Fig.
5.5(b)) reveal an approximately linear trend for the maximum modification of the
Raman shift. Note that the points plotted in Fig. 5.5(b) are not directly obtained from
2The spontaneous Raman measurements were performed in the laboratory of Prof. P. van Loos-
drecht at the Zernike Institute in Groningen (The Netherlands) in collaboration with A. Caretta.
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Figure 5.5: Photo-induced modification of the Raman shift of the two-magnon peak as
a function of the actinic pump delay. (a) The peak shifts toward lower energies for negative time
delays, while it blueshifts at positive delays. The duration of the overlap between actinic pump and
probe is also plotted. It consists in a measurement of the rotation of the probe polarisation induced
by the actinic pump via optical Kerr effect. The actinic pump is linearly polarized along a direction
orthogonal to the other two beams (i.e. crossed geometry). (b) The actinic pump fluence dependence
reveals a linear trend of the photo-induced modification of the peak shift. (c) The measurements
performed with different polarisation of the actinic pump show modifications of the Raman shift of
different amplitudes. This evidence reveals the effect to be strongly polarization dependent.
the data, but through a rather sophisticated analysis procedure described in detail in
section 5.5. Therefore some deviations from the original trend can be expected.
Then we repeated the experiment by rotating the polarization of the actinic pump
by 90◦ and by generating circular polarized states (see Fig. 5.5(c)). The signal clearly
depends on this experimental parameter, since the maximum modification of the shift
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is affected up to one order of magnitude between parallel and crossed polarisation.
We note that the condition of actinic pump polarized parallel to the other two beams
provides the strongest coherent artifact (see section 5.5). We worked mostly in the
crossed configuration, as in the case of the data reported in Fig. 5.5(a), since coherent
effects due to the superposition of three pulses are particularly difficult to disentangle
from the genuine signal.
5.5 Data Analysis
Analyzing the time-resolved spectra measured with FSRS is far from trivial. Several
effects can deform or even mask the signal of interest. This is the reason why they
were minimised in our experiment by working mostly in crossed configuration, i.e.
the polarization of the actinic pump was normal to the polarization of the other two
beams. In section 5.5.1 we discuss the presence of the baseline in the FSRS spectra.
In particular we explain how we removed it from our raw data. The modification of
the Raman shift expressed by Eq. (5.3) is obtained by fitting the data. Given the
very peculiar line shape of the two-magnon mode, a non-trivial fitting procedure was
employed, which is reported in section 5.5.2.
5.5.1 Baseline removal
The FSRS data are affected by a strong baseline, which poses a serious problem for
the interpretation of the spectra obtained with this technique. Even the SRS spectra
measured only with Raman pump and probe display a background (see Fig. 5.3)
due to the transient absorption photo-induced by the Raman pump. In fact this
effect is not taken into account in the normalization reported in Eq. (5.2). In our
case the magnitude of this feature is small compared with the Raman gain, given
the high-transparency of KNiF3 in the optical range around 2.5 eV, which is the
photon energy of the Raman pump (see Fig. 4.1). The more significant baseline
arising in the time-resolved measurements (see Fig. 5.6) has several physical origins.
One contribution is related to the transient absorption, photo-induced by the actinic
pump. Coherent effects due to the temporal superposition of the three pulses involved
in the FSRS scheme can also play an important role. The former contribution should
be polarization insensitive and it should be visible on a time scale longer than the
laser pulses (depending on the optical properties of the sample). The latter is indeed
polarisation sensitive and it is limited to the duration of the laser pulses. Note that in
our experiment the signal is observed only in the first 200 fs after the photo-excitation.
Thus the coherent effects can provide a significant contribution while the transient
absorption cannot, given the optical properties of KNiF3.
Although several approaches to deal with this issue have been suggested [20–22],
a definitive answer is still lacking. Usually the Raman modes investigated with the
FSRS approach are spectrally narrow (FWHM ≈ 10 cm−1). The broader bandwidth
of the two-magnon mode in KNiF3 (≈ 60 cm−1) requires a different approach to the
baseline removal. Considering only a limited spectral region (200-300 cm−1) in which
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Figure 5.6: Baseline affecting the FSRS data. The snapshots of the Raman spectrum
measured at different delays of the actinic excitation are affected by a baseline, which has to be dealt
with in order to extrapolate the informations about the dynamics of the mode. Note that in our case
a linear background (dashed line) takes reasonably into account the baseline in the spectral range of
the peak.
the two-magnon mode appears, we can approximate the baseline with a linear function
(see Fig. 5.6). Note that this is possible only working in the crossed geometry. If
the polarization of all the three beams is parallel the much stronger coherent effects
makes the removal of the baseline significantly more complicated.
5.5.2 Fitting procedure
The line shape of the two-magnon mode in KNiF3 is very peculiar and different from
the one-magnon case: it is asymmetric, very broad and it presents a well defined
shoulder on the high energy side. Taking into account the specific shape of our
magnetic mode in KNiF3, we chose the following asymmetric fit function (pseudo-
Voigt):
p(ν) ≡ µL(ν) + (1− µ)G(ν) + b, (5.4)
where
L(ν) =
2A
piγ(ν)
1
1 + 4[(ν − ν0)/γ(ν)]2 (5.5)
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Figure 5.7: Example of fit to our data. We report the normalized Raman gain 40 fs after the
excitation provided by the actinic pump. The part of the feature that we consider contains more
than 60 points, which makes the fit statistically significant.
and
G(ν) =
A
γ(ν)
√
4 ln 2
pi
exp
[
−4 ln 2
(
ν − ν0
γ(ν)
)2]
(5.6)
are an asymmetric Lorentzian and an asymmetric Gaussian function respectively, with
amplitude A and center ν0. The asymmetry is taken into account by the function
γ(ν), which is given by
γ(ν) =
2γ0
1 + exp [a(ν − ν0)] (5.7)
where γ0 is the full width at half maximum of the corresponding symmetric profile
and a is the asymmetry parameter. The function reported in Eq. (5.7) is called
sigmoid and it is a proper tool to describe asymmetric line shapes. In fact the width
γ(ν) asymptotically approaches lower and upper bounds, namely 0 and 2γ0, avoiding
divergences or non-physical values (e.g. negative) [23]. Moreover, the parameter b in
Eq.(5.7) represents the background of the data: after the removal of the baseline, it
is equal to 1 up to the third decimal digit. Finally, µ ∈ [0, 1] is a parameter which is
used to unbalance the contributions of L(ν) and G(ν) to the fit function.
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Our approach aimed at tracking the evolution of the Raman shift as a function of
the delay from the actinic pump. To fit the central part of the spectral feature (see
Fig. 5.7), we could set µ = 0, which means that we actually relied on an asymmetric
Gaussian function.
However, fitting the SRS measurements (see Fig. 5.4) as a function of the temper-
ature was more complicated. Given the dramatic change that the lineshape undergoes
as the temperature increases, we managed to reproduce the data only using µ as ad-
ditional fit parameter. The Raman gain in the absence of the actinic pump was fitted
leaving all the parameters of the Gaussian function free. The values of the parameters
providing the best fit to the data were then used as starting values in the fit procedure
for the dynamics of the two-magnon mode. The background b was never used as a
free fit parameter. It was tuned externally for every set of measurements and kept
constant for all traces belonging to the same series.
5.6 Discussion
The data reported in Fig. 5.5(a) show a light-induced modification of the Raman shift
of the two-magnon mode, which follows the temporal profile of the overlap between
actinic pump and probe. A non-dissipative modification of the exchange interaction
can be induced by an ultrashort optical stimulus, according to recent theoretical works
[5, 6]. This effect follows the temporal profile of the electric field of the light pulse,
given the non-dissipative light-matter interaction. Considering the similarity between
the predictions and the observation, it is indeed tempting to ascribe the signal in
Fig. 5.5(a) to the ultrafast dynamics of the exchange interaction. However, this
interpretation is wrong because of several reasons that we analyse in the following.
• Time-scale of the observation. In section 2.4.2 we explained how the nature
of the stimulated Raman scattering process hampers the observation of the
dynamics in the first picosecond. Our experiment provides a non vanishing
actinic pump-induced signal in the first 200 fs only. Therefore this signal cannot
be ascribed to the complete dynamics of the two-magnon mode. We note that
the theoretical description of the FSRS response on this time scale [24] suggests
that the line shapes become even dispersive. This prediction does not find
confirmation in our experiments. As it is clear from Fig. 5.6, 80 fs after the
photo-excitation the line shape of the two magnon mode is unaffected, even the
high-energy shoulder is basically unperturbed.
• Non dissipative nature of the effect. The experiment is performed in
a regime of non dissipative light-matter interaction. The predicted effect of
optical light pulses on the exchange interaction is expected to take place in the
same regime [5, 6]. This scenario implies that a modification of the Raman
shift of the two-magnon line should be limited to the duration of the actinic
pump pulses. However, such an effect cannot be probed with FSRS, for the
same reason that limits the power of observation of this technique in the first
picosecond. The stimulated Raman process requires two interactions of the
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Raman pump, which can take place during the whole pulse duration. The
demands of high spectral resolution calls for narrowband Raman pump pulses,
which are therefore several picoseconds long. If a modification of the Raman
spectrum (like in the case of the non dissipative modification of the exchange)
takes place only in 60 fs (duration of the actinic pump), the stimulated Raman
process cannot probe this event given the picosecond duration of the Raman
pump. On the other hand, a dissipative process triggered by the actinic pump
would be followed by a relaxation dynamics on a time scale longer than the laser
pulse. Such a phenomenon can indeed be measured in the FSRS approach.
• Concurring processes. The data shown in Fig. 5.5(a) cannot be ascribed
uniquely to a genuine modification of the Raman shift of the two-magnon mode.
When three optical ultrashort laser pulses interact with a sample of KNiF3
several other processes are triggered. A coherent response described by the
fifth order nonlinear optical polarization can affect significantly the measured
spectra. As examples we can mention two possible processes. It was reported
that an ultrashort intense laser pulse propagating through KNiF3 experiences
a significant broadening of the spectrum due to self-phase modulation. The
peculiarity of this process in this material is that, contrary to most of the non-
linear optical crystals, it has magnetic origin [25, 26]. Note that usually the
broadening of the spectrum of a light pulse due to this kind of nonlinear optical
interactions is not symmetric [27]. Figure 5.5(a) reports also the temporal profile
of the Raman pump, whose pulse duration is longer than the time scale of the
observed signal. If during the propagation through the sample the Raman pump
experienced the aforementioned asymmetric spectral broadening, the effective
wavelength of the beam would be modified. Consequently the Raman spectrum
would be shifted. The self phase modulation is a single-beam effect. A similar
effect can be induced by an optical pulse on a second optical pulse (cross-phase
modulation). In our case, given the very high intensities of the electric fields
used, we cannot rule out a priori a modification of the spectra of the laser pulses
(due to self or cross phase modulation) on the time scale of interest.
Moreover, our experiments reported in chapter 4 proved that an ultrashort laser
pulse impinging on the sample triggers the one-magnon mode via ISRS. Note
that even the Raman pump can impulsively excite the magnetic precession,
since the pulse duration (≈ 4 ps) is shorter than the period of the mode (> 10
ps). When ISRS takes place, the spectra of the pulses involved is modified [28].
Once again, such a modification could cause the shift in energy of the whole
Raman spectrum.
Therefore the experimental results here presented cannot be simply interpreted as a
photo-induced dynamics of the two-magnon mode.
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5.7 Conclusions and Outlook
The work presented in this chapter shows an approach to the measurement of the
ultrafast dynamics of the exchange energy in an antiferromagnet. We demonstrated
that it is feasible to detect the light-induced dynamics of the Raman spectrum of a
magnetic mode, in a solid state compound, even at low temperature. However, the
specific conditions of our experiment (sample and non dissipative light-matter inter-
action) do not allow us to ascribe the observed signal to a genuine dynamics of the
two-magnon mode. Further insight into the nature of our results could be achieved
by a simultaneous measurements of the dynamics of the Raman loss and gain. An
authentic photo-induced modification of the Raman shift observed in loss and gain
would be symmetric, similar to the Stokes/anti-Stokes symmetry in a spontaneous
Raman spectroscopy. Moreover, given the arguments provided in section 5.6 we an-
ticipate that it could be extremely interesting to excite the material in a dissipative
regime of light-matter interaction. In this case a more than probable dynamics of the
two-magnon mode (even simply due to laser heating) could be distinguished from a
coherent fifth order effect from the time scale and the polarization dependence of the
signal.
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Chapter6
Sub-20 femtosecond generation of
coherent THz magnons and ultrafast
response of antiferromagnetism 1
The possibility to control spins by means of femtosecond optical pulses is promising
for the magnetic recording technology, but our understanding of the response of the
magnetic ordering to such an excitation is still in its infancy. In this work we employ
sub 20-fs laser pulses to excite the ultimately fast coherent spin dynamics in the
Heisenberg antiferromagnet KNiF3. Our investigation reveals the spectrum of the
optically induced coherent magnetic excitations to be substantially different from the
thermally activated distributions measured by Raman spectroscopy. Moreover, we
unravel an unprecedented response of the antiferromagnetic order to the light-induced
modification of the exchange interaction. This consists of the modulation of the energy
of the THz magnons at the eigenfrequency of the phonon mode corresponding to the
stretching vibration of the F-Ni-F bond. Our results disclose a novel aspect of the
light-matter interaction on the sub 100 fs time scale: the high energy spin excitations
triggered in a non-dissipative fashion are intrinsically coupled to the lattice modes.
6.1 Introduction
The whole research field of ultrafast magnetism has been ignited and driven by the
desire of control spins on an ever faster time scale [1]. The use of ultrashort laser
pulses does offer significant perspectives for the data storage industry. In fact the
optical manipulation of a solid state magnet does not require contacts and it can
be utilised in a broad class of materials, including dielectrics [2–5]. Moreover this
1This work was performed in collaboration with Dr. S. Dal Conte and Prof. G Cerullo from
University ”Poitecnico di Milano”, Italy.
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fascinating research quest strongly contributes to widen the horizons of fundamen-
tal knowledge. Intense sub-picosecond laser pulses drive a magnetic system into a
strongly nonequilibrium state in which the conventional description of the Heisenberg
model, formulated in terms of a constant exchange interaction (J) and an ensemble
average of the spin correlation function, does not apply. In particular, it has been
shown that coherent magnons can be photo-excited via impulsive stimulated Raman
scattering (ISRS) in magnetic dielectrics. Relying on a light-induced modification of
the spin-orbit coupling, this scheme allows to trigger the spin waves at the center of
the Brillouin zone (one-magnon mode). From the magnon dispersion (see Fig. 1.1)
it stems that the k ≈ 0 (k is the wavevector) spin excitations have the lowest fre-
quency available in a given magnet. A proper shaping of the laser beam was used to
achieve a wavevector high enough to observe propagation effects [6], although it lied
anyhow close to the center of the Brillouin zone. The eigenfrequencies of the spin
excitations increase as a function of the wavevector (see Fig. 1.1 and Eq. (1.25)).
Therefore the ultimately fast spin dynamics occurs when magnons close to the edges
of the Brillouin zone are triggered. The negligible value of the wavevector of light
usually denies optical techniques to access this region of the dispersion. Nevertheless,
the spectral feature known as two-magnon mode (2M) is a solution to this issue (see
section 1.2.3). Several experimental investigations revealed that in antiferromagnets
(or in general in multisublattice systems) the Raman active excitation of two high-
wavevector magnons can be triggered by a light induced modification of J [7–10],
which dominates this region of the dispersion (see Fig. 1.1 and Eq. (1.25)) [11]. The
energy and the line shape of the 2M mode are defined by J and by the interaction
among the photo-generated magnons (see section 5.2). In particular, the latter is
responsible for the shoulder in the high energy part of the peak visible in the Raman
spectrum (see Fig. 5.1 and [12]). However the subpicosecond dynamics of the 2M
mode has not been addressed yet.
In this chapter we address a deeply fundamental scientific question: what is the
ultrafast response of high-energy magnons and of the antiferromagnetic order to an
optical sub-20 fs stimulus?
6.2 Methods and Material
Our approach consists in exciting via ISRS the 2M mode in a pump-probe experiment
in the cubic antiferromagnet KNiF3, monitoring the dynamics of the high-wavevector
magnons impulsively generated. The choice of the sample is motivated by its sponta-
neous Raman (SR) spectrum, which is dominated by the 2M mode [12]. In Fig. 5.4
we reported the spontaneous and stimulated Raman spectra of KNiF3 measured as a
function of temperature. The two techniques provide results in excellent agreement,
which is not trivial considering the differences between the excitations probed in the
two approaches (see section 2.4.2).
Another aspect motivating the choice of KNiF3 is the high transparency in the
optical range, which allows an efficient ISRS excitation, as shown in our recent in-
vestigation of the zone-center magnons (chapter 4). The high frequency of the 2M
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Figure 6.1: Experimental scheme. The measurements were performed in transmission geom-
etry using linearly polarized beams. The rotation of the probe polarization was detected. The x, y
and z directions are the crystal axes of our cubic sample.
mode in KNiF3 (ν2M ≈ 22 THz) calls for the use of sub-20 fs laser pulses, com-
bined with the possibility to tune the laser photon energy to access the transparency
window. The sample must also be cooled down below the Neel point (TN = 246 K
[13]), in order to access the magnetically ordered phase. These demanding require-
ments are satisfied by the state of the art set-up available in the CUSBO facility
(Laserlab-Europe network), located at the University ”Politecnico di Milano” (Italy).
Our pump-probe experiment was performed in the transmission geometry shown in
Fig. 6.1. The photon energies of the pump and probe beams were tuned to 2.2 eV
and 1.3 eV respectively, which minimised the optical absorption.
6.3 Results
In this section we present the experimental data in two different parts. First we report
the measurements performed by using different polarization states of the pump beam
(section 6.3.1). Then we describe the dependence of the signal on the temperature
(section 6.3.2).
6.3.1 Polarization dependence
In our first experiment we excited the sample with a pump beam linearly polarized 45◦
away from the crystal axes and we measured the rotation of the probe polarization.
In the data shown in Fig. 6.2(a) oscillations at the frequency of ≈ 22 THz are visible
in the first 500 fs of the dynamics. These values are in excellent agreement with the
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Figure 6.2: Pump polarization dependence. (a) The fluence of the pump pulses was set
to ≈ 9 mJ/cm2 and the temperature was 77 K. The pump beam was linearly polarized along two
directions ±45◦ away from the crystal axes. (b) The fluence of the pump beam was set to ≈ 9
mJ/cm2 and the temperature was 77 K. The pump beam was linearly polarized along the z and y
crystal axes.
estimations obtained from the energy and the bandwidth of the Raman peak (see Fig
5.1). Exciting the sample with the orthogonal polarization state (i.e. -45◦ away from
the crystal axes) gives rise to oscillations at the same frequency and with the same
phase. The apparent phase jitter visible in Fig. 6.2(a) is due to a polarization leakage
present in our set-up when the light beams propagate through a waveplate. This is
due to the bandwidth of 10 fs laser pulses which is so broad that different spectral
components experience different retardation.
In order to unravel the symmetries of the effect, we rotate the pump polarization
along the crystal axes (Fig. 6.2(b)). Also in this case the 22 THz mode is present,
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thus we conclude that we successfully excited the 2M mode via ISRS. However, in
Fig. 6.2(b) it is evident that the two orthogonal pump polarization states trigger
oscillations with a phase difference of pi. This observation is surprising, since polar-
ization resolved SR spectroscopy revealed the excitation of the 2M in KNiF3 to be
perfectly isotropic [12]. The striking discrepancy suggests that a time resolved ISRS
investigation of this mode is not equivalent to a static frequency domain Raman spec-
troscopy. In particular, our approach provides a deeper insight into the symmetries
of the light-spin coupling. Two contributions to the excitations have been disclosed,
one is isotropic (Fig. 6.2(a)) while the other is anisotropic (Fig. 6.2(b)).
In section 1.2.2 we showed that several magneto-optical effects are defined by the
same tensors describing the scattering of light on the one-magnon mode. However,
a magneto-optical effect related to the light-spin interaction Hamiltonian resulting
in the 2M mode excitation (see Eq. (1.36)) exists as well. This is called magneto-
refraction and it was observed that in KNiF3 this effect is two orders of magnitude
stronger than the magnetic linear birefringence [14]. Relying on the non-dissipative
approximation, which is adequate for KNiF3, we can express the magneto-refraction
as
ij =
∑
δ
Hijkl(r)〈Sˆkr Sˆlr+δ〉 (6.1)
where the symbol of the sum over the repeated indices has been omitted. We chose
a basis in which the symmetric components of the dielectric tensor (which are even
functions of the spin operators) lie on the main diagonal (see Chapter 1). The vector
δ connects two nearest neighbour Ni atoms, which belong to the two antiferromag-
netically coupled sublattices. Note that the product of the spin operators has to be
considered as the spin correlation function (see Eq. (5.1)) defined in section 5.1. Con-
sidering the mechanism of the 2M process (see section 1.2.3) it follows that the tensor
Hijkl depends on the exchange interaction [14]. Note that the magneto-refractive
effect is defined by the same components of the dielectric tensors which are also re-
sponsible for the transmissivity. In a pump-probe experiment the variations of a
magneto-optical effect are measured, which in this case are given by
∆ij ∝ ∆Hijkl〈SˆkSˆl〉+Hijkl∆(〈SˆkSˆl〉) (6.2)
where the dependences of the spin operators and of the H tensor on the space co-
ordinates have been dropped. The first term is proportional to the light-induced
modification of the exchange interaction, which results in the excitation of the 2M
mode. This process is described as the inverse effect of the magneto-refraction, rely-
ing on the phenomenological framework of the opto-magnetic effects (see section 1.3).
More specifically we can express the variation of the exchange energy due to the laser
pulses as
∆Eex = HijklEiEj〈SˆkSˆl〉. (6.3)
We can evaluate this expression for different polarisations of the pump beam, con-
sidering the symmetries of the tensor H for the point group of KNiF3 (m3m) [15].
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Considering the spins to be along the y axis (see Fig. 6.1), we obtain
• Pump beam polarized along the y axis: ∆Eex = HyyyyEyEy〈SˆySˆy〉.
• Pump beam polarized along the z axis: ∆Eex = HzzyyEzEz〈SˆySˆy〉.
• Pump beam polarized 45◦ away from the y axis:
∆Eex = HyyyyE˜yE˜y〈SˆySˆy〉 + HzzyyE˜zE˜z〈SˆySˆy〉, where E˜y,z = E/
√
2
• Pump beam polarized -45◦ away from the y axis:
∆Eex = HyyyyE˜yE˜y〈SˆySˆy〉 + HzzyyE˜zE˜z〈SˆySˆy〉, where E˜y,z = E/
√
2.
These equations show that the modifications of the exchange caused by a pump beam
oriented 45◦ and -45◦ away from the y axis are equivalent. Thus also the corresponding
dielectric tensor components obtained combining Eq. (6.2) and Eq. (6.1) are identical,
which explains the observations in Fig. 6.2(a).
Conversely, different tensor components describe the excitation of a pump beam
linearly polarized along the two cubic axes. This is consistent with the fact that the
red and blue traces in Fig. 6.2(b) are different.
6.3.2 Temperature dependence
The ultrafast spin dynamics measured as a function of temperature is shown in Fig.
6.3. The frequency and the lifetime of the oscillations decrease as the Neel point
is approached. This is consistent with the results obtained by Raman spectroscopy
[12] (see Fig. 5.4), in which the bandwidth of the 2M line dramatically increases as
the temperature is raised. However, some discrepancies between our data and the
reported Raman spectrum of KNiF3 are present.
First, in a spontaneous (or stimulated) Raman spectroscopy experiment the two-
magnon mode is observed also above the Neel point [12]. This is well understood
considering that this mode involves magnons with high wavevector and, therefore,
with short wavelength. Although the long range magnetic order vanishes when the
temperature of an antiferromagnet is above TN , short range spin-spin correlations
are still present. This is the reason why short wavelength magnons can be indeed
detected even in this regime. On the other hand in our data no oscillatory dynamics
is observed as the temperature becomes higher than TN . In our opinion this is not
due to a difference in the excitation mechanism, which is ISRS, but in the probing
technique. Measuring rotation of the probe polarization, we detect the dynamical
signal by a magneto-optical effect, which is quenched in the paramagnetic phase of
KNiF3.
Second, the frequency distribution of the photo-excited magnons via ISRS is dif-
ferent from the spectrum of the thermally activated spin excitations probed in a
spontaneous Raman approach. We measured the SR spectrum of our sample and we
compared it with the fast Fourier transform (FFT) of the ISRS data 2. Figure 6.4(a)
2The spontaneous Raman measurements were performed in the laboratory of Prof. P. van Loos-
drecht at the Zernike Institute in Groningen (The Netherlands) in collaboration with A. Caretta.
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Figure 6.3: Temperature dependence. The fluence of the pump pulses was set to ≈ 9 mJ/cm2.
The observed trend is in agreement with the spontaneous Raman scattering measurements up to the
Neel point.
reveals that the high-energy shoulder observed in the SR spectrum at 77 K is not
present in the FFT of the ISRS time-traces. Moreover, a slight difference in the peak
frequency (≈ 0.3%) was detected. The divergence of the ISRS from the frequency do-
main observations is even more remarkable at higher temperatures. Plotting together
the SR and ISRS spectra (Fig. 6.4(b)) obtained at 220 K discloses two different distri-
butions: the peak frequencies are separated by a ≈ 2 THz distance. The discrepancy
is even more evident in the time domain. The ISRS data are shown in Fig. 6.4(c)
with a fit to the data (see section 6.4.1 for details about the fit procedure), which
accounts for the response of the material in terms of a constant frequency periodic
function. We calculated and plotted the fit function using the frequency obtained by
the SR spectrum (cyan curve): the two frequencies evidently do not match.
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Figure 6.4: Comparison between the SR and time-resolved ISRS spectra. (a) Sponta-
neous Raman spectrum and the FFT of the ISRS time traces measured at 77 K. The high-frequency
shoulder due to magnon-magnon interaction is not visible in the ISRS spectrum. (b) Spontaneous
Raman spectrum and the FFT of the ISRS time traces measured at 220 K. The peak frequency of
the two spectra is significantly different. (c) Time domain comparison between the ISRS data and
the fit function calculated with the SR frequency. The discrepancy is evident.
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6.4 Data Analysis
Here we describe the procedures followed to fit the data and to perform the time-
frequency analysis.
6.4.1 Fitting procedure
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Figure 6.5: Fitting to the data. The black line is a fit to the data obtained using Eq. (6.4).
The time-traces shown in Fig. 6.2 cannot be fitted with the same function used in
chapter 4. Given the short timescale of the experiment, the overlap of the pump and
probe pulses cannot be taken into account by means of a Heaviside function. Thus we
consider the convolution of the pump pulse with the probe pulse and with a function,
describing of the response of the material. The fitting function can be expressed as:
f(t) =
∫ t
−∞
Gpu(τ)Gpr(t− τ)dτ +
∫ t
−∞
Gpu(τ)Gpr(t− τ)B sin (2piν(t− τ)− pi/2)·
· exp (−(t− τ)./tr)dτ +H(t)C(1− exp (−t/tr))
(6.4)
108
Sub-20 femtosecond generation of coherent THz magnons and ultrafast response of
antiferromagnetism.
where Gpu and Gpr are the Gaussian functions describing the pump and probe pulses,
respectively. The response of the material is given by the damped sin function with
amplitude B and frequency ν. The last term describes the background, with the
same form and physical meaning of the last term in Eq. (4.4). The characteristic
rise time of the incoherent response (tr) is equal to the damping time constant of
the magnetic oscillations. The increase of the background can be interpreted as the
increase of the temperature of the spin system due to the dissipations of coherent
magnons. As explained in section 4.4.1, this process is expressed by the longitudinal
component of the spin dynamics, which can be indeed probed in our experimental
scheme. This contribution to the signal is expressed by the second term in Eq. (6.2),
since a modification of the longitudinal spin components affects the spin correlation
function. Therefore the background response of our data may represent a tiny, but
still detectable, ultrafast demagnetisation of a dielectric antiferromagnet. To the best
of our knowledge, such a process on this time-scale has never been reported.
The fit parameters used to fit the data in Fig. 6.5 were the amplitudes of the
Gaussians, B, ν and tr.
6.4.2 Time-frequency analysis
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Figure 6.6: Concept of the Wigner transform. A Gaussian centred on each data point
multiply the data. Performing a FFT of the resulting quantity provides the Wigner distribution of
the original signal.
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Figure 6.7: Time-frequency analysis of the pump-probe data. (a) Power Wigner (|W |2)
transform of the time trace. The temporal evolution of the maximum frequency component to the
signal is also shown (blue dots). The fit to the Wigner transform is performed on the y and z-axis, for
each delay point. (b) The relative frequency (defined in the main text) obtained by fitting the Wigner
transform is plotted. The value of the maximum frequency component of the Wigner transform at
each delay time supports the results of the fitting procedure.
A comparison between the measured ultrafast spin dynamics and the fit function
in Eq. (6.4) reveals that it is improper to describe the oscillatory component of the
signal in terms of a constant frequency harmonic function. It appears in Fig. 6.5 that
the data, initially overlapping with the fit function, lags behind the black curve in the
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first 300 fs. At later delays the signal reaches again and even surpasses the calculated
sinusoidal function. This observation suggests the possibility that the frequency of the
two-magnon mode is not constant in time, calling for a time-frequency analysis. One
of the possible approaches to this problem consists in the evaluation of the Wigner
transform of the signal at each delay time. In this framework we rely on the following
definition [16]
W (t, ν, δt) ≡
∣∣∣∣∣
∫
U(t′) exp
[
−2pi
(
t− t′
δt
)2]
exp (−i2piνt′)dt′
∣∣∣∣∣
2
(6.5)
where W (t, ν, δt) is the spectrum of the time dependent signal U at a certain delay
time. This definition in practice means the the data have to be multiplied by a
Gaussian function, with an arbitrary width (δt), centred at a delay time t (see Fig.
6.6). The result of this multiplication has then to be Fourier transformed, providing
the spectrum of the signal U at the delay time t. Note that in this well established
procedure, the only parameter externally set by the user is the width of the Gaussian,
which has to be chosen considering the frequency of the oscillating signal. If it is
too narrow, the harmonic behaviour cannot be detected in the Gaussian window and
therefore the frequency of the signal U does not appear in the spectrum. Also in the
opposite case, i.e. if the width of the Gaussian is too broad, the spectral content of
our data may not be revealed given the finite lifetime of the oscillating component of
the signal. Therefore a good compromise can be achieved by setting the bandwidth
of the Gaussian window equal to two periods of the signal, in our case δt ≈ 100 fs.
In Fig. 6.7(a) the power Wigner transform of the data shown in Fig. 6.6 and
Fig. 6.5 is reported. At each value of the delay (x-axis) the frequencies contained in
the spectrum are shown on the y-axis, while the intensity is reported on the z-axis
(colorplot). Spectral components at frequencies close to 22 THz are clearly present.
Nevertheless, this representation does not provide quantitative informations. Thus we
fitted the frequency distribution plotted in Fig. 6.7(a) for each delay time with the
pseudo-Voigt function (see Eq. (5.4)). We also evaluated the maximum frequency
component of the Wigner transform at each delay time, in order to support the
results of the fitting procedure. Aiming at revealing a possible temporal evolution of
the frequency of the 2M mode, we plotted in Fig. 6.7(b) the following quantity
ν2M − 〈ν2M 〉
〈ν2M 〉 (6.6)
where 〈ν2M 〉 is the average frequency in the temporal interval where the oscillations
have a significant amplitude (0-500 fs). We call the quantity in Eq. (6.6) relative
frequency and it is plotted in percent in Fig. 6.7(b).
Surprisingly ν2M has a non trivial dynamics, showing oscillations of the order
of 10%, as substantiated by both the curves in Fig. 6.7(b) (fit and maxima). The
errorbars of the blue curve are defined by a fraction of the bandwidth of the fitted
frequency distribution. We note that the frequency of the oscillation of ν2M is ≈ 7.5
THz, in the following we will denote this parameter as Wigner frequency.
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Figure 6.8: Frequency modulation. (a) In the time domain the data are plotted with the
signal simulated by using Eq. (6.7). Note that the red curve properly tracks the time dependence
of the data, in comparison with the fit in Fig. 6.5. (b) The FFT of both the signals is reported.
The presence of the sidebands, which is the expression of the modulation in the frequency domain,
further confirms the outcome of the Wigner analysis.
The modulation of the frequency of an impulsively photo-excited magnetic mode
is a novel observation. First, we observed a discrepancy between the data and the
fitting function with a constant frequency in the time domain (see Fig. 6.5). Then we
performed the Wigner analysis, which reveals the 7.5 THz modulation. Let us note
that such a frequency modulation can be seen in the spectrum of the data, expressed
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as sidebands ±7.5 THz away from the central frequency of the distribution (in our
case 22 THz).
We calculated the following signal
f(t) = A sin ((mod t)− pi/2) exp (−t/tr) +H(t)B(1− exp (−t/tr)) + CN(t); (6.7)
where A, B and C are amplitude coefficients. The second term is the same as in Eq.
(6.4), while N(t) is a random distribution which represents the experimental noise.
The ratio between the amplitudes A and C was evaluate from the experiment. The
value of the time-constant tr was taken from the fit to the data shown in Fig. 6.5.
The frequency of the harmonic function contains a modulation, which is given by
mod = 2pi〈ν2M 〉(1 +D sin (2piνwigt)); (6.8)
where the amplitude D is 10% of 〈ν2M 〉 and the symbol νwig indicates the Wigner
frequency (7.5 THz). The simulated signal is a consistent representation of the data,
as it is testified by Fig. 6.8(a). If an FFT of the two curves plotted in this figure is
taken, the expected sidebands are observed in both cases (see Fig. 6.8(b)). Since the
simulated signal is artificially build to reproduce some specific features of the data, it
is not surprising that the corresponding spectrum is smoother than the experimental
one. Nevertheless, the Fourier transform provides an alternative view of the data,
without affecting them or applying any modeling. We can therefore observe both in
the time and in the frequency domains some features which are fingerprints of the
frequency modulation unraveled by the Wigner analysis.
6.5 Discussion
The experiments reported in this chapter revealed two novel aspects concerning the
sub-100 fs light-spin interaction: the difference between the ISRS and SR spectra, the
modulation of the frequency of the two-magnon mode.
Let us discuss first the former. The comparison between time-resolved ISRS and
frequency domain SR has been previously explored [17]. This outstanding pioneer
work concluded that significant differences between the two approaches arise if a
resonant excitation of the Raman process (resonant Raman spectroscopy) occurred.
We underline that this condition does not simply mean that the photon energy of
the pump beam should be resonant with an absorption band. Only if the transi-
tions responsible for the absorption are coupled with the Raman active quasiparticles
(phonons or magnons), a resonant excitation may be observed.
This is clearly not the case in our experiment, since we trigger a mode in a non-
dissipative regime of light-matter interaction. We ascribe the robust experimental
evidences of the divergence between SR and ISRS to the different role played by
the magnon-magnon interaction in the two experiments. An SR spectrum is (ide-
ally) obtained integrating the signal over an infinitely long time interval, which takes
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completely into account the magnon-magnon interaction. On the other hand, in our
experiment couples of independent magnetic quasiparticles are impulsively excited
when the pump pulse impinges on the sample (i.e. delay = 0), the interaction is
established at later delays affecting the dynamics of the magnons. Therefore the
spectrum of the ISRS time traces is different from that of an SR measurement. Our
argument is substantiated by the calculations of the 2M line shape performed ne-
glecting any magnon-magnon interaction [12]. In this framework the peak value of
the frequency distribution occurs at higher energy than in the measured spectrum
(see Fig. 5.1). This is similar to our observations reported in Fig. 6.4.
On the other hand, we can rule out the possibility that the stimulated nature
of the Raman process in our experiment causes the difference with the SR results.
In fact, we observed and reported in Fig. 5.4 that the spontaneous and stimulated
static Raman spectra are equivalent, although the nature of the probed excitations
is substantially different. Moreover, in Fig. 6.2 an anisotropic contribution to the
excitation is observed, implying that the effect of light modification of the exchange
interaction is not perfectly isotropic as reported [12]. Such an observation is not
clearly possible by means of conventional Raman spectroscopy, showing once again
that a much more complete picture of the light-spin coupling physics is achieved with
time-resolved experiments.
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Figure 6.9: Temperature dependence of the frequency modulation. (a) The frequency
at which ω2M oscillates is independent on the temperature. This evidence is consistent with the
identification of the Wigner frequency with the vibrational stretching mode. The errorbars derive
from the precision of our estimation of the Wigner frequency. (b) The frequency of the 2M mode
in our ISRS data depends on the temperature in a consistent way with the SR spectrum in the
temperature range reported.
We draw now our attention to the outcome of the Wigner analysis. As afore-
mentioned the two-magnon frequency is modulated at 7.5 THz. We investigated the
origin of this modulation by applying the Wigner analysis to the data obtained for
different temperatures. The result, which is summarised by Fig. 6.9(a), shows that
the Wigner frequency is temperature-independent. This strongly suggests that the
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nature of the modulation is other than magnetic. For the sake of comparison, we
plotted in Fig. 6.9(b) the temperature dependence of the two-magnon frequency on
the same scale as in Fig. 6.9(a).
A confirmation of the non-magnetic nature of this modulation is provided by the
dispersion of magnons in KNiF3 (Fig. 1.1): the frequency of the one-magnon mode
is ≈ 90 GHz, while the two-magnon mode has a spectral distribution centred around
≈ 22 THz. Thus the eigenfrequencies of the spin excitations addressable with optical
radiation are very different from 7.5 THz. It is intriguing to observe that this value is
consistent with the eigenfrequency of an infrared-active phonon [18, 19] (≈ 7.7 THz).
It becomes compelling when we note that this lattice mode has been assigned to the
stretching vibration of the F-Ni-F bond (stretching mode from now on), which defines
the super exchange interaction in KNiF3. Unlike other phonon modes in this material,
the eigenfrequency of the stretching mode is temperature independent [18, 19], which
is consistent with the results plotted in Fig. 6.9(a).
However, in our opinion an optical excitation of the stretching phonon mode did
not occur in our experiment for several reasons. First, the Raman inactive nature of
this mode forbids an ISRS excitation. Second, the light-matter interaction takes places
in a non-dissipative regime, excluding the possibility of a displacive excitation [20].
Finally, if a phonon is excited in a pump-probe experiment, the dynamics measured
shows oscillations (coherent excitations) or a transient decay signal (incoherent) on
the time scale of the phonon. The former possibility would provide beatings in the
dynamics and a peak at the phonon frequency in the FFT, which are both missing.
The latter is ruled out by our previous consideration of the light-matter interaction
regime and by the absence of such an incoherent response in our data. Nevertheless,
we cannot exclude the possibility that the high intensity of the electric field of the
laser pulses brought the light-matter interaction into a strongly non-linear regime
where the selection rules may breakdown.
Instead, we provide a different interpretation of the modulation of the 2M fre-
quency, which is perfectly consistent with the conventional selection rules of the Ra-
man process in KNiF3. Let us remind that the spectrum of our data, revealed by the
Wigner analysis, consists of a signal oscillating at 22 THZ modulated at the phonon
frequency (7.5 THz). This is very similar to the spectrum of a monochromatic light
beam which interacts with a medium via the Raman effect. The central frequency
(Rayleigh frequency, ωR) is modulated at the frequency of the excited quasi-particle
(phonon or magnon, ωm). Consequently the electric field of the scattered beam os-
cillates at the frequencies ωR and ωR ± ωm, giving rise to the usual three peaks in
the Raman spectrum. The frequency of the 2M mode is modulated in an analo-
gous way and the FFT of our signal (in Fig. 6.8(b)) reveals the presence of the two
sidebands. We thus ascribe the modulation of the 2M frequency to a Raman-like
inelastic scattering of magnons with the lattice system, resulting in the generation
of phonons belonging to the stretching mode. In this picture, the selection rules for
the conventional Raman scattering of light on phonons(magnons) do not clearly ap-
ply, since they are derived from the light-lattice(spin) interaction Hamiltonian (see
section 1.2). A different Hamiltonian, able to represent the interaction between high
wavevector magnons and phonons should be used. The frequency of the 2M mode
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is higher than the phonon frequency, which is a requirement for the Raman process.
However, two other phonon modes with frequencies equal to 4.5 THz and 14 THz
exist in KNiF3. In our opinion we observed only the excitation of the 7.5 THz mode,
because the stretching of the F-Ni-F bond is obviously intimately connected with the
light-induced modification of the super exchange interaction, resulting in the gener-
ation of the couples of high energy magnons. However, at this stage we cannot rule
out other mechanisms which could be responsible for the frequency modulation.
Note that KNiF3 is a cubic Heisenberg antiferromagnet, with simple magnetic
and crystallographic properties. Therefore we anticipate that the effect shown in
our experiment is active also in other dielectric super-exchange antiferromagnets and
ferrimagnets. Our time-resolved approach allowed us to disclose some intrinsic aspects
of the light-induced modification of the exchange interaction, not detectable with
other experimental techniques.
6.6 Conclusions
Our findings unravel novel and totally unexpected reactions of the antiferromagnetic
order to a sub-20 fs optical stimulus. None of the experimental and theoretical works
[21–24] regarding the ultrafast modification of the exchange interaction has consid-
ered the mechanisms suggested here. The simple optical, electronic and magnetic
properties of KNiF3 allowed us to isolate the response of the antiferromagnetic or-
der. Therefore this work provides a significant experimental contribution to the large
multidisciplinary research area of femtosecond laser control of strongly correlated ma-
terials. A similar experiment on materials in which the spin and lattice excitations are
coupled to the charge order, could provide a tool to access and control even the elec-
tronic degree of freedom in the absence of any dissipation. In particular, even more
dramatic implications could emerge in cuprates [25], given the connection between
spin excitations and High-Tc superconductivity [26].
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Summary
The femtosecond dynamics in solids state compounds triggered by ultrashort laser
pulses has represented a challenge for the understanding of condensed matter physics
in the last two decades. While experiments revealed spectacular phenomena, the
strongly non-equilibrium state in which light brings matter on the sub-picosecond
time scale and the subsequent dynamics defy the conventional description of solids,
formulated within a thermodynamical equilibrium approach. Therefore, this research
activity has been fiercely pursued, being driven by a burning quest for fundamental
knowledge and by appealing scenarios in terms of applications.
In this work, we have focused our attention on the interaction between ultrashort
laser pulses and magnetic materials. In particular we studied dielectric antiferro-
magnets, in which the antiparallel alignment of elementary magnetic moment (spins)
results in a magnetic order with no net magnetization.
We first introduced the dispersion of the spin excitations (magnons) in antiferro-
magnets and discussed the Raman scattering of light by such magnetic quasiparticles.
We briefly report on the state of the art concerning the ultrafast excitation of coher-
ent spin waves in antiferromagnets, via the so-called opto-magnetic effect. The link
between Raman scattering, magneto-optics and opto-magnetism is considered.
After a description of the several techniques employed in the experiments here
presented, we demonstrated that the ultrafast excitation of coherent small wave vector
magnons reaches the THz regime in KCoF3. Moreover, the study of the dependence
of the spin response on an external intense magnetic field (up to 7 T) showed that
the effect of the field on the domains structure is not reversible. This is in contrast
with results previously published in the literature.
In theory, the opto-magnetic effect relies on the excitation of spins via light scat-
tering and do not require any absorption of the light. In practice, so far all the
successful ultrafast excitation of coherent spin waves occurred in the presence of dis-
sipation and thus were accompanied by the absorption of light. Is it possible to realize
a situation in which spins are excited while no single photon is absorbed? We have
tried to address this question with our spectroscopic magneto-optical investigation of
the picosecond spin dynamics in the Heisenberg antiferromagnet KNiF3. This experi-
ment revealed that in the condition of nearly zero-absorption of light, laser pulses can
indeed trigger coherent spin waves. Moreover in this novel configuration, which we
defined zero-absorption regime, the only source of heating of the spin system is rep-
resented by the dissipation of the coherent magnons. Most importantly, in this work
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we formulated a criterion allowing to state whether any energy flow from electrons
and lattice to spin system is present.
From the magnon dispersion it follows that the small wave vector spin waves have
the lowest frequency, while the wave vectors of the highest energy magnons lie at
the edges of the Brillouin zone. Moreover the energy of spin waves in the centre of
the Brillouin zone is mostly defined by the spin orbit coupling. Differently, at the
edges the magnon dispersion is dominated by the exchange interaction. Thus the
ultrafast dynamics of high energy magnons has the potential to unveil the effect of
laser pulses on the exchange interaction of a medium. Moreover, exciting these high-
energy magnons seems to be a straightforward approach to trigger the fastest possible
spin dynamics in an antiferromagnet. Given the huge mismatch between the wave
vectors of the optical radiation and of the highest frequency spin excitations, light
is usually unable to access these modes. However, a Raman active bound state of
two magnons with equal frequency and globally zero wave vector, usually called two-
magnon mode (2M), can be induced by light in antiferromagnets. Although this effect
was demonstrated long ago by means of equilibrium spontaneous Raman spectroscopy,
the dynamics of this mode is unknown. We tackled this problem with two different
approaches: one consists of a time-resolved measurement of the Raman spectrum of
KNiF3, the other relies on the opto-magnetic excitation of the 2M mode in the same
material.
In our first attempt we employed the novel experimental technique known as fem-
tosecond stimulated Raman scattering. The high degree of nonlinear optical effects
originating from the overlap of three intense ultrashort laser pulses prevented a clear
interpretation of the detected signal. On the other hand, the opto-magnetic excitation
of the highest frequency magnons revealed unprecedented dynamics of the order pa-
rameter in an antiferromagnet. The spectrum of the spin excitations that we measured
was different from the well known data obtained by spontaneous Raman scattering
of light. Moreover we show that the phase of the oscillations of the antiferromagnetic
vector can be controlled by the polarization of the pump pulse. Consequently, we
demonstrate that a coherent control of the order parameter in an antiferromagnet,
similar to the one realized by exciting low frequency magnons, must be also possible
on the femtosecond time scale. This provides a starting point for the application of
all-optical control of the magnetic properties of condensed matter on the femtosecond
timescale.
Samenvatting
De femtosecondedynamica in vaste stof materialen, veroorzaakt door excitatie met
ultrasnelle lichtpulsen, heeft zich in de laatste twintig jaar ontwikkeld tot een uitda-
gendonderzoeksgebied in de vaste stof natuurkunde. Experimenten hebben spectac-
ulaire fenomenen laten zien, terwijl een materiaal geactiveerd door een femtoseconde
lichtpuls zich in een sterke nietevenwichtstoestand bevindt. De daarop volgende dy-
namica kan niet met de gewone theorie van een vaste stof worden beschreven, die
eigenlijk alleen geschikt is voor een thermodynamische evenwichtstoestand. Dit span-
nende onderzoeksgebied is niet alleen van groot fundamenteel belang maar wordt ook
intens onderzocht door de brandende zoektocht naar nieuwe scenarios in termen van
technologische toepassingen, met name op het gebied van ultrasnelle en energiezuinige
methoden voor het transport en opslag van (magnetische) data.
In dit proefschrift hebben wij ons geconcentreerd op de interactie tussen ultrakorte
laserpulsen en magnetische materialen. Wij hebben in het bijzonder dilectrische anti-
ferromagneten onderzocht, waarin de elementaire magnetische momenten (spins) op
een anti-parallelle manier zijn uitgelijnd. Het gevolg is een magnetische order zonder
netto magnetisatie.
In het eerste hoofdstuk introduceerden wij de dispersie van de spin excitaties
(magnonen) in antiferromagneten en bediscussieerden wij de Raman verstrooiing van
licht aan zulke magnetische quasi-deeltjes. Wij geven in het kort een overzicht van
de state-of-the-art van de ultrasnelle excitatie van coherente spingolven in antiferro-
magneten door het zogenoemde opto-magnetische effect. Het verband tussen Raman
verstrooiing, de magneto-optische en opto-magnetische effecten wordt vervolgens uit-
gelegd.
Na een beschrijving van de verschillende technieken gebruikt in onze experimenten,
laten wij zien dat de ultrasnelle excitatie van de coherente kleine golfvector magnonen
het THz regime bereikt in KCoF3. De afhankelijkheid van de spinreactie op een sterk
externe magnetische veld (tot 7 T) wordt vervolgens bestudeerd. Dit experiment liet
zien dat de actie van het veld op de structuur van de domeinen niet omkeerbaar is.
Deze conclusie is in tegenstelling met eerder gepubliceerde resultaten.
In principe vindt de opto-magnetische excitatie plaats door lichtverstrooiing en
optische absorptie is daarom niet nodig. In de praktijk werden alle succesvolle ul-
trasnelle excitaties van coherente spin golven begeleid door de absorptie van licht. Is
het mogelijk om een femtoseconde spin excitatie te genereren in de totale afwezigheid
van absorptie ? Wij hebben geprobeerd deze vraag te antwoorden door een spec-
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troscopisch magneto-optisch onderzoek naar de picoseconde spin dynamica van de
Heisenberg antiferromagneet KNiF3. Dit experiment ontrafelde dat laserpulsen, ook
als de absorptie van licht bijna nul is, inderdaad coherente spingolven kunnen ac-
tiveren. Bovendien, in deze specifieke configuratie, die we zero-absorption regime
noemden, blijkt de decoherentie van de coherente magnonen de enige verwarmings-
bron van het spinsysteem te zijn. De belangrijkste conclusie van dit onderzoek is de
formulering van een criterium, welke laat zien of een energiestroom van de elektronen
en van het kristalrooster naar het spinsysteem aanwezig is.
Uit de magnondispersie is het duidelijk dat de spingolven met kleine golfvec-
toren de laagste frequentie hebben, terwijl de golfvectoren van de hoogste frequentie
magnonen aan de randen van de Brillouin zone liggen. De energie van de spingolven
in het centrum van de Brillouin zone wordt voornamelijk door de spin-baan koppeling
bepaald. Aan de andere kant wordt de magnondispersie aan de randen van de Bril-
louin zone door de exchange interactie gedomineerd. Tenslotte heeft de ultrasnelle
dynamica van hoge energie magnonen het potentieel om het effect van laserpulsen
op de exchange interactie te ontrafelen. Bovendien lijkt de excitatie van deze hoge
energie magnonen een directe manier om de snelst mogelijk spindynamica in een anti-
ferromagneet te activeren. Door het grote verschil tussen de golfvectoren van licht en
de spin excitaties met de hoogste frequentie, kan licht gewoonlijk niet deze magnonen
exciteren. Desondanks kan licht in antiferromagneten een gebonden toestand van twee
magnonen met dezelfde frequentie en een totale golfvector van nul genereren. Deze
toestand wordt een two-magnon mode (2M) genoemd. Hoewel dit effect lang geleden
met spontane Raman spectroscopie in evenwicht aangetoond werd, is de dynamica
van deze toestand nog onbekend. We hebben dit probleem met twee verschillende be-
naderingen aangepakt: de een bestaat uit een tijdsafhankelijke meting van het Raman
spectrum van KNiF3, de andere maakt gebruik van de opto-magentische excitatie van
de 2M toestand in hetzelfde materiaal.
Voor onze eerste aanpak gebruikten wij de nieuwe experimentele techniek die
bekend staat als femtosecond stimulated Raman scattering. De sterke nietlineaire
optische effecten veroorzaakt door de overlap van drie intense ultrakorte laserpulsen
verhinderden een duidelijke interpretatie van het gemeten signaal. Aan de andere
kant, de opto-magnetische excitatie van de hoogste frequentie magnonen ontrafelde
een ongee¨venaarde dynamica van de order parameter in een antiferromagneet. Het
spectrum van de spinexcitaties die we gemeten hebben was anders dan de alom bek-
ende spontane Raman data. Bovendien lieten wij zien dat de fase van de oscillaties
van de antiferromagnetische vector door de polarisatie van het exciterende licht gecon-
troleerd kan worden. Vervolgens lieten wij zien dat de coherente controle van de
order parameter van een antiferromagneet mogelijk moet zijn op de femtoseconden
tijdschaal, precies zoals het is met lage frequentie magnonen. De resultaten van dit
experiment zijn een startpunt voor de toepassing van volledig-optische controle van
de magnetische kenmerken van vaste stoffen op de femtoseconden tijdschaal.
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